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III. BREAKDOWN AND SYNTHESIS OF 6-KETO FATTY ACIDS* 


By JOSEPH R. STERN,{ MINOR J. COON,} ann ALICE pe CAMPILLO$§ 


(From the Department of Pharmacology, New York University College of 
Medicine, New York, New York) 


(Received for publication, October 28, 1955) 


Breusch (1) and Wieland and Rosenthal (2) found independently that 
homogenates of kidney and other tissues formed citrate aerobically from 
acetoacetate and oxalacetate. The latter authors noted that 2 molecules 
of citrate were formed per molecule of acetoacetate disappearing. Breusch 
reported further (3, 4) that 8-keto acids other than acetoacetate yielded 
citrate along with the fatty acid shorter than the original 8-keto acid by 
2 carbon atoms. Hunter and Leloir (5) found a specific a-ketoglutarate 
requirement for citrate synthesis from acetoacetate and oxalacetate in 
dialyzed kidney homogenates. Under these conditions, citrate synthesis 
ocurred anaerobically as well as aerobically. The need for concomitant 
oxidation (or dismutation) of a-ketoglutarate appeared not to be related to 
the generation of energy-rich phosphate, since a-ketoglutarate could not 
be replaced by ATP.! Stern and Ochoa (6) showed that, in the presence 
of ATP, CoA, and oxalacetate, 8-keto fatty acids (acetoacetate, 8-keto- 
valerate, 6-ketocaproate, and 6-ketooctanoate) formed citrate on incuba- 
tion with pigeon liver extracts. These results indicated (a) that cleavage 


* Aided by grants from the United States Public Health Service, the American 
Caneer Society (recommended by the Committee on Growth, National Research 
Council), and by a contract (N6onr279, T. O. 6) between the Office of Naval Research 
and New York University College of Medicine. Part of the data in this paper were 
taken from a dissertation submitted by Alice del Campillo to the Graduate School of 
New York University in partial fulfilment of the requirements for the degree of Mas- 
ter of Science, May 8, 1953. 

} Present address, Department of Pharmacology, School of Medicine, Western 
Reserve University, Cleveland 6, Ohio. 

t Special Fellow of the National Institutes of Health, United States Public Health 
Service. Present address, Department of Biochemistry, School of Medicine, Uni- 
versity of Michigan, Ann Arbor, Michigan. 

§ Present address, Department of Biochemistry, School of Medicine, University 
of Puerto Rico, San Juan, Puerto Rico. 

! The following abbreviations are used: adenosine triphosphate, ATP; oxidized and 
reduced diphosphopyridine nucleotide, DPN+ and DPNH; coenzyme A (reduced), 
CoA, HS-CoA, or CoA-SH; S-acyl coenzyme A derivatives, acyl-S-CoA or acyl CoA; 
glutathione (reduced), GSH; phosphotransacetylase, transacetylase; tris(hydroxy- 
methyl)aminomethane, Tris. 
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2 ENZYMES OF FATTY ACID METABOLISM. III 


of the 8-keto acids yields acetyl CoA and (6) that in pigeon liver extracts 
cleavage is preceded by an activation of the keto acid involving ATP and 
CoA. 

A different type of activation was disclosed by experiments with enzyme 
fractions from pig heart (7). These experiments provided evidence for 
the occurrence of Reactions 1 to 3. Reaction 3 is catalyzed by the cop. 
densing enzyme (8). Succinyl CoA for Reaction 1 could be supplied either 


(1) Succinyl-S-CoA + acetoacetate = acetoacetyl-S-CoA + succinate 
(2) Acetoacetyl-S-CoA + HS-CoA = 2 acetyl-S-CoA 
(3) 2 Acetyl-S-CoA + 2 oxalacetate + 2H.O — 2 citrate + 2HS-CoA 


by a-ketoglutarate oxidation or dismutation (9, 10), thereby explaining 
the results of Hunter and Leloir, or by the reaction between succinate, ATP, 
and CoA, catalyzed by the P enzyme (11, 12). In order to obtain citrate 
synthesis from acetoacetate and oxalacetate, pig heart preparations contain. 
ing the enzymes catalyzing Reactions 1 and 2, as well as condensing and P 
enzymes, had to be supplemented (7) with (a) e-ketoglutarate, CoA, DPNt, 
Mg**, and a-ketoglutaric dehydrogenase, (b) succinate, ATP, CoA, and 
Mgt", or (c), as found later, succinyl CoA. Acetoacetate could be re. 
placed by 6-ketovalerate, B-ketocaproate, and §-ketoisocaproate, in order 
of decreasing effectiveness, but not by 8-ketooctanoate or B-ketoadipate, 
Reversibility of Reactions 1 and 2 was indicated by the fact that the pig 
heart system could synthesize acetoacetate from acetyl CoA but only in 
the presence of added succinate. In these experiments acetyl CoA was 
generated enzymatically from acetyl phosphate with catalytic amounts of 
CoA and transacetylase (13). Such a system requires that CoA be con- 
stantly regenerated and depends on the presence of succinyl CoA deacylase 
(11, 14) for maximal reaction rates. In accordance with this, acetoace- 
tate synthesis was highest when the pig heart system was supplemented 
with both succinate and succinyl CoA deacylase (7). The need of Reaction 
1 for acetoacetate synthesis by the pig heart system is due to the absence 
of an acetoacetyl CoA deacylase and to the equilibrium position of Reac- 
tion 2 favoring cleavage rather than synthesis of acetoacetyl CoA. 
Similar evidence for the occurrence of Reactions 1 and 2 was obtained 
independently by Green et al. (15) who regarded the two reactions as pos- 
sibly catalyzed by a single enzyme. We have briefly reported (16) the 
separation of two enzyme fractions from pig heart extracts catalyzing Re- 
actions 1 and 2 and presented evidence for the intermediary formation of 
acetoacetyl CoA. The enzymes involved will be referred to (17) as CoA 
transferase (or simply transferase) and thiolase, respectively.2 The pres- 


2 A Committee on Nomenclature, 2nd International Conference on Biochemical 
Problems of Lipides, Ghent, Belgium, July, 1955, has proposed the systematic names 
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ent paper supplements preliminary accounts (7, 16) of work which led to 
the separation and identification of the transferase and thiolase. The puri- 
fication and properties of these enzymes, which have been reviewed (18, 19), 
will be the subject of succeeding papers of this series. 

Enzymatic Cleavage of B-Keto Fatty Acids—The stoichiometry of the con- 
version of acetoacetate to citrate is illustrated in Table I. It may be seen 
that, in agreement with Reactions 1 to 3 and in confirmation of previous 
results with tissue homogenates (2, 5), 2 molecules of citrate are formed per 
molecule of acetoacetate disappearing. A crude pig heart enzyme frac- 
tion, the source of P enzyme, transferase, and thiolase, was supplemented 
with crystalline condensing enzyme. Succinyl CoA was generated from 
succinate, ATP, and CoA, by the P enzyme present. A control sample 
without succinate served to correct for the acetoacetate disappearing by 


TABLE I 


Stoichiome&y of Enzymatic Conversion of Acetoacetate to Citrate 
The complete syst contained (in micromoles) Tris-HCl buffer, pH 7.5, 100; 
MgClo, 8; GSH, 10; ATP, 10; CoA, 0.1; succinate, 100; acetoacetate, 10.6; oxalacetate, 
20; pig heart 20-40 ethanol fraction (prepared as described under ‘‘Methods’’) with 
14mg. of protein; and 0.015 mg. of crystalline condensing enzyme. Final volume 
166ml. Incubation, 60 minutes at 38°. Results given in micromoles. 











Acetoacetate removed Citrate formed 
a 3.67 4.66 
tt Bi gt RR cr ae 1.34 0 
IE ft ser inca bd akicwn’s Gas imal ate 2.33 4.66 





side reactions, mainly decarboxylation. No citrate was formed in the ab- 
sence of succinate. In the absence of oxalacetate and with stoichiometric 
amounts of CoA, it can be shown that acetoacetate is indeed cleaved to 
yield acetyl CoA. In a typical experiment, a pig heart enzyme fraction 
(2.5 mg. of protein), similar to that used in the experiment of Table I, was 
incubated for 30 minutes at 38° with ATP (10 umoles), CoA (1 umole), 
succinate (50 umoles), and acetoacetate (50 uwmoles), in the presence of 
Tris-HCl buffer (50 umoles), pH 7.5, MgCl. (2.5 umoles), and GSH (5 
ymoles). The protein was then precipitated by heating for 1 minute at 
100° and pH 4.5. To the mixture were then added potassium phosphate 
buffer (100 umoles), pH 7.4, potassium oxalacetate (20 uwmoles), and crys- 
talline condensing enzyme (0.03 mg.), and citrate was determined after 
further incubation for 30 minutes at 25°. 0.65 umole of citrate was found, 
indicating that this amount of acetyl CoA had accumulated during the pre- 





acetoacetylsuccinic thiophorase and acetoacety] thiolase for transferase and thiolase, 
respectively. 
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ceding incubation period. Only traces of citrate were found in a control 
experiment without acetoacetate. Chromatography on paper after Stadt. 
man (13) of an aliquot of the reaction mixture at the,end of the first incuba. 
tion period gave a thio ester spot with R, 0.61. 

Substitution of 8-ketovalerate or 6-ketocaproate for acetoacetate in the 
above system, in the absence of oxalacetate, leads to the production of 
acetyl CoA and propionyl CoA or acetyl CoA and butyryl CoA, respec. 
tively. These products were identified by paper chromatography of the 
hydroxamic acids according to Stadtman and Barker (20). The results 


TaB_e II 


Chromatographic Identification of Acyl-S-CoA Compounds Formed 
by Enzymatic Cleavage of B-Keto Acids 


The reaction mixture was identical to that described in the text for the experi- 
ment with acetoacetate except that acetoacetate was omitted and HS (20 umoles) 
was substituted for GSH. 50 umoles of 6-ketovalerate or of B-ketocaproate were 
added as indicated. After incubation for 30 minutes at 38°, 0.5 volume of neutral- 
ized 2.0 m hydroxylamine solution was added and incubation was continued for 10 
minutes. The protein was precipitated with excess ethanol and the hydroxamic 
acids were concentrated and identified by paper chromatography (20). 














Rr 
Hydroxamic acid After incubation 
Authentic 
samples Without With With 
B-keto acid 6-ketovalerate | 8-ketocaproate 

I es locas o Sasa cated chard 0.35 0.30 
Ia ey a, a aes 0.52 0.50 0.52 
IN 660 560i hewn oe HERES 0.65 0.66 
BNE es dich cinidcvin slencin xubcon 0.76 | 0.73 














are shown in Table II. These experiments provided the first unequivocal 
demonstration of the enzymatic activation and cleavage of B-keto fatty 
acids to yield either acetyl CoA alone (acetoacetate) or acetyl CoA and the 
acyl CoA derivative shorter by 2 carbon atoms than the original §-keto 
acid. 

Fractionation of Enzymes—The starting material consisted of either (a) 
an extract of pig heart acetone powder prepared by rubbing the powder at 
25° in a mortar with 10 volumes of 0.1 m potassium phosphate buffer, pH 
7.0, containing 0.001 m potassium L-cysteine, and clarified by filtration, 
or (b) an ammonium sulfate fraction between 50 and 80 per cent saturation, 
prepared from extracts of fresh pig heart obtained by the procedure of 
Kaufman et al. (11), and dialyzed against 0.02 m potassium phosphate 
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buffer, pH 7.0, containing 0.001 m L-cysteine. The starting solution was 
brought to 40 per cent saturation with solid ammonium sulfate added 
sowly with mechanical stirring at 0-3°. The precipitate was removed by 
centrifugation in the cold room at 18,000 X g and discarded. The super- 
natant solution was brought to 60 per cent saturation with ammonium 
sulfate, based on the original volume; the precipitate was collected by 
centrifugation as above, dissolved in 0.02 m potassium chloride, and dialyzed 
against the same solution in the presence of 0.001 m L-cysteine for 18 hours 
(40-60 ammonium sulfate fraction). 

The 40-60 ammonium sulfate fraction was diluted with 0.02 m potassium 
chloride to bring the protein concentration to about 10 mg. per ml. Chilled 
ethanol (—30°) was then added dropwise with mechanical stirring to a con- 
centration of 20 per cent by volume, the temperature being lowered to —4°. 
The precipitate was collected by centrifugation at —4°, suspended in 0.02 m 
potassium chloride, and dialyzed against the same solution adjusted to pH 
7.0 and containing 0.001 m L-cysteine. This will be referred to as Fraction 
A. 0.8 m zine acetate was added to the clear supernatant fluid at —4° to 
make the final concentration 0.02 m. The precipitate was collected by 
centrifugation at the same temperature and suspended and dialyzed as the 
previous one. This will be referred to as Fraction B. Any precipitate re- 
maining in Fractions A and B after dialysis was removed by centrifugation 
at 0° and discarded. 

Breakdown and Synthesis of Acetoacetate by Enzyme Fractions—Through 
the above fractionation, transferase and thiolase could be largely separated 
from each other. As shown in Table III, either Fraction A or B by itself 
was relatively incapable of bringing about the conversion of acetoacetate 
to citrate or that of acetyl CoA (generated with transacetylase from acetyl 
phosphate and catalytic amounts of CoA) to acetoacetate, while there was 
good activity in both instances with the two fractions present. With use 
of an enzyme preparation from ox liver it was possible to establish that Frac- 
tions A and B contained thiolase and transferase, respectively. As pre- 
viously reported (7), partially purified ox liver enzyme fractions were able 
to catalyze the synthesis of acetoacetate from acetyl CoA. This activity 
was not affected by the presence or absence of succinate and it was assumed 
that the endergonic condensation of 2 C2 units in this case was facilitated 
by the exergonic deacylation of the presumed intermediate, acetoacetyl-S- 
CoA, through the agency of a deacylase. The acetoacetate-synthesizing 
activity of these fractions was largely destroyed by heating at 50° for a 
few minutes (Table III, Fraction L) but was restored by addition of the 
heart Fraction B, provided that succinate and succinyl CoA deacylase were 
present (cf. Table III). This indicated that Fraction L (apparently freed 
of acetoacetyl CoA deacylase by heating) contained thiolase and that the 
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heart Fraction B contained transferase. The similar behavior of the live 
Fraction L and the heart Fraction A, shown by the data of Table III, in. 
dicated that the latter also contained thiolase. 

It could further be shown that a product with the expected properties of 
acetoacetyl-S-CoA was formed on incubation of succinyl-S-CoA and aceto. 
acetate with Fraction B but not with Fraction A or L. This product was 
converted to citrate, in the presence of either Fraction A or L (but not jn 
its absence), CoA, oxalacetate, and crystalline condensing enzyme. This 


Tase III 
Separation of Heart Transferase and Thiolase 


The citrate assay system was identical to that of Table I except for enzyme fra. 
tions as indicated. The acetoacetate assay system contained (in micromoles) Tris. 
HCl buffer, pH 8.1, 150; KCl, 50; MgCle, 4; potassium L-cysteine, 20; lithium acetyl 
phosphate, 50; CoA, 0.1; transacetylase, 10 units (13); potassium succinate, 100; sue. 
cinyl CoA deacylase (11), 1.1 mg. of protein. Other enzyme fractions as indica. 
ted. Final volume, 2.0 ml. The transacetylase was a partially purified preparation 
obtained from Streptococcus hemolyticus by an unpublished method of Korkes (see 
‘‘Methods”’). The preparation of the ox liver fraction (Fraction L) is described 
under ‘‘Methods.”” Fractions A and B (see the text) each contained P enzyme (11) 
in excess. Incubation, 60 minutes at 38°. The amount of protein used (in mg.) was 
for Fraction A, 4.8; Fraction B, 5.2; Fraction L, 5.5. 








Enzyme fraction Citrate formed Acetoacetate formed 
pmoles pmoles 

A 0.39 (0.08)* 0.38 

B 0.77 (0.03) 0.08 

A+B 4.50 (0.07) 1.97 

L 0.12 (0.11)t 
L+A 0.40 (0.08) 
L+B 1.50 (0.21) 











* Values in parentheses obtained with succinate omitted from assay system. 
7 Values in parentheses obtained with succinate and succinyl CoA deacylase 
omitted from assay system. 


reaction, which, as previously reported (16), leads to the net appearance of 
1 mole of sulfhydryl] per 2 moles of citrate formed, can be used for the quan- 
titative determination of acetoacetyl CoA. These observations provided 
further support for the above conclusions regarding the nature of Fractions 
A, B, and L and for the mechanism of acetoacetate breakdown and syn- 
thesis represented by Reactions 1 and 2. 

Optical Evidence for Transferase and Thiolase—The study of the proper- 
ties of synthetic analogues of acetoacetyl-S-CoA by Lynen et al. (21) showed 
that S-acetoacetyl-N-acetylthioethanolamine (S-acetoacetyl-N-acetyleys- 
teamine) has a characteristic absorption band at alkaline reactions with 
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,maximum at wave-length 303 mu. This band is pH-dependent and may 
for cix idl 

ieattributed to the formation of the enolate ion CHs—C=CH—C—S—R 

18, 22). We have observed that acetoacetyl CoA (formed by the trans- 
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Fig. 1. Spectral changes accompanying the enzymatic formation and breakdown 
of acetoacetyl-S-CoA at pH 8.1. Silica cells, d = 0.5 cm. Final volume, 1.5 ml.; 
emperature, 25°. ©, succinyl-S-CoA (~0.1 umole). @, after establishment of 
quilibrium on addition of acetoacetate (50 wmoles) and transferase (60 y of protein). 
A, after further addition of CoA-SH (0.15 umole) and thiolase (90 y of protein). 
Tris-HCl buffer, pH 8.1 (100 umoles), and MgCl. (8 umoles) present in the reaction 
nixture. Acetoacetate and CoA-SH added to both blank and experimental cells. 
Mg*+, which is not required for these reactions, was added to increase the sensitivity 
of the assay (see the text). 

Fic. 2. Optical demonstration of transferase and thiolase activities. Upper curve, 
transferase (17 y of protein) added at zero time to a mixture of succinyl-S-CoA (~0.11 
mole) and acetoacetate (50 wmoles); succinate (40 uwmoles) added at the arrow. 
lower curve, transferase (17 y of protein) added at zero time to a mixture of succinyl- 
8-CoA (~0.06 umole) and acetoacetate (50 umoles); CoA-SH (0.15 umole) and thiolase 
27 y of protein) added at the arrow. Other details as in Fig. 1. 


frase reaction) has similar spectral properties and that the enol absorp- 
tion band is markedly increased by Mg** (16). The effect of Mg** is 
presumably the result of metal chelation, since acetoacetic ester and 6- 
diketones are known to be chelating agents (23). Thus, the formation and 
disappearance of acetoacetyl CoA through progress of Reaction 1 or 2 in 
tither direction can be readily followed spectrophotometrically. 

Fig. 1 shows the appearance of the enol band of S-acetoacetyl thio esters 
vhen synthetic succinyl CoA (24) is incubated, at pH 8.1, with acetoacetate 
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and a partially purified preparation of pig heart transferase free of thiolase 
This demonstrates the formation of acetoacetyl CoA according to Reaction 
1. Within the range 280 to 330 my the absorption band shown in Fig. | 
(cf. Fig. 3) agrees closely with the corresponding band of S-acetoacetyl-N. 
acetylthioethanolamine (cf.(18, 22)). It may also be seen that most of 
the absorption in this region disappears after the further addition of Co4 
and thiolase, since the equilibrium position of the thiolase reaction (Reac. 
tion 2) favors the formation of acetyl CoA. The thiolase was a partially 
purified preparation from pig heart free of transferase. In Fig. 2 the upper 
curve shows the increase in absorption at 305 mu on adding transferase to 
a mixture of succinyl CoA and acetoacetate and the reversal of the reaction 
by succinate after equilibrium was established. The lower curve shows 
that addition of CoA and thiolase to a mixture of succinyl CoA and acetp. 
acetate previously incubated with transferase causes a decrease in optical 
density at 305 my due to cleavage of the acetoacetyl CoA formed by the 
CoA transfer reaction. 

Isolation and Properties of Acetoacetyl CoA—CoA was transferred from 
synthetic succinyl CoA (24) to acetoacetate, in the presence of pig heart 
transferase, and the acetoacetyl CoA was isolated as a crude barium salt, 
The reaction mixture contained the following components (in micromoles): 
Tris-HCl buffer, pH 7.5, 1000; MgCls, 80; succinyl CoA, about 20; potas. 
sium acetoacetate, 1000; and heart Fraction B, prepared as described 
above, with 33 mg. of protein. Following the incubation for 25 minutes at 
25°, the mixture was chilled and the protein was precipitated with ice-cold 
trichloroacetic acid, in a final concentration of 2 per cent, and removed by 
centrifugation. The supernatant solution (22 ml.), which contained 0.6 p- 
mole of acetyl CoA and 5.1 umoles of acetoacetyl CoA,? was adjusted to 
pH 7.2 with 2.0 n KOH; this was followed by the addition of 4.0 ml. of 
1.0 m barium chloride and 90 ml. of ice-cold 95 per cent ethanol. The so- 
lution was adjusted to pH 7.0 and kept at 0° for 45 minutes. The precipi- 
tate was collected by centrifugation, washed twice with 75 per cent ethanol, 
and dried in vacuum over calcium chloride. The yield of crude barium 
salt was 110 mg. For assay it was converted to the soluble potassium 
salt. 110 mg. of barium salt contained 2.6 umoles of acetoacetyl CoA or 
about 3 mg. of its dibarium salt. Thus, the yield was about 51 per cent 
and the purity 3 per cent. 

The acetoacetyl CoA could be separated from the succinyl CoA and aceto- 
acetate in the crude preparation by paper chromatography. The solution 
of the potassium salt was chromatographed on Whatman No. 1 filter paper 
with ethanol-sodium acetate (13) as solvent for 4 hours at 24°. The aceto- 


3 Determined from the citrate formed, in the presence of oxalacetate and crystal- 
line condensing enzyme, before and after addition of CoA and thiolase. 
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acetyl CoA band (Ry 0.52) which overlapped the oxidized CoA band (Ry 
0.50) gave the following color reactions: (a) The direct nitroprusside reac- 
tion with weak alkali was negative, but after spraying with strong alkali 
followed by nitroprusside an orange color appeared owing to the release of 
acetoacetate as well as CoA-SH (CoA-SH on paper normally gives a pur- 
ple-pink color with nitroprusside); (b) after spraying with alkali followed 
by neutralization with acid, ferric chloride spray also caused an orange 
color to appear. Free acetoacetate, which also gave an orange color with 
both alkaline nitroprusside and ferric chloride, migrated much more rapidly 
(Ry 0.75) than the thioester. In another run, a larger amount of the crude 
potassium salt was placed along the edge of Whatman No. | filter paper 
and chromatographed as above, but for 5 hours at 3°. The acetoacetyl 
CoA band (Rr 0.42) was cut out and eluted with water at 3°. By enzymatic 
and optical assay the eluate (5.0 ml.) contained 0.77 umole of acetoacety] 
CoA and less than 0.1 umole of acetyl CoA. The ultraviolet absorption 
spectrum of the eluate in 0.067 m Tris-HCl buffer, pH 8.1, showed an ab- 
sorption band in the wave-length range 290 to 320 my, with a maximum at 
305 mu, and a second absorption band with a peak at 260 my. The latter 
band, due to the CoA moiety, was independent of the pH, but at neutral or 
acid pH there was no absorption at 305 my. The absorption at 305 mu 
(pH 8.1) was increased over 2-fold by addition of 5 X 10-*m MgCle. These 
properties characterized the compound as acetoacetyl CoA. Addition of 
neutral hydroxylamine (100 umoles, pH 8.0) caused the absorption at 305 
my to disappear, the absorption at 260 my remaining unchanged. How- 
ever, the product is not a hydroxamic acid, since it gives no color with fer- 
tic chloride. Although the reaction of acetoacetic ester with hydroxyla- 
mine is followed by ring closure to form methyl isooxazolone (25) with a 
characteristic absorption spectrum,‘ no such spectrum was obtained follow- 
ing reaction of acetoacetyl CoA with hydroxylamine. Addition of thiolase 
and CoA caused a disappearance of the light absorption at 305 my and a 
concomitant increase in absorption at wave-length 240 my. This is the 
result of the formation of a second thio ester bond (cf. Reaction 2) since 
thio esters have an absorption band in the 230 to 240 my region (26, 27). 
The presence of acetoacetyl CoA in the eluate was further confirmed by the 
fact that it brought about oxidation of DPNH, in the presence of liver or 
heart fractions containing 6-hydroxybutyryl CoA dehydrogenase, and the 
fact that the light absorption at 305 my (pH 8.1) of a mixture of eluate and 
succinate was decreased by addition of transferase (Reaction 1 from left to 
right). 

The ultraviolet absorption spectrum of acetoacetyl CoA, in the absence 
and presence of Mgt, is presented in Fig. 3, A. Fig. 3, B shows the differ- 


‘S. Korkes, personal communication. 
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ence spectrum of intact versus hydrolyzed acetoacetyl CoA, whereby the 
spectrum of the CoA moiety of the thio ester is eliminated, without ang 
with Mg**. As in the case of S-acetoacetyl-N-acetylthioethanolamine 
(22) the enolate ion band with a peak at 302 my, found at pH 8.1, is absent 
at pH 6.1. In the latter case only the thio ester band with a maximum g 
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Fig. 3. Ultraviolet absorption spectrum of acetoacetyl-S-CoA. A, the blank cell 
contained water; the experimental cell acetoacetyl CoA (0.03 umole per ml.). B, 
difference spectrum of intact versus hydrolyzed acetoacetyl] CoA. The blank cell con- 
tained a solution in which acetoacetyl CoA (0.05 umole per ml.) was previously hy- 
drolyzed by incubation at pH 8.1 and 45° for 2.5 hours; the experimental cell contained 
acetoacetyl CoA (0.05 umole per ml.). Curves 1, pH 8.1 (0.1 m Tris-HCl buffer), no 
MgCl; Curves 2, pH 8.1, 5 X 10-? m MgCl.; Curves 3, pH 6.1 (0.1 m acetate buffer), 
5 X 10-°m MgCl:. Silica cells; d = 10cm. The acetoacetyl CoA was prepared by 
reaction of CoA-SH with diketene (22). The spectra were obtained with a Beckman 
model DK 2 recording spectrophotometer. 





237 my (22, 26, 27) is present (Fig. 3, B). The molecular extinction co- 
efficient at wave-length 305 my of enzymatically generated acetoacety! 
CoA was determined as follows: Tris-HCl buffer (100 umoles), pH 811, 
MgCl, (8 wmoles), succinyl CoA (about 1 umole), potassium acetoacetate 
(100 umoles), and heart transferase were mixed in a silica cell (d = 0.5 em., 
final volume = 1.5 ml.) and the optical density at 305 my, resulting from 
acetoacetyl CoA formation, was read at minute intervals in a Beckman 
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spectrophotometer against a reference cell containing the same components 
except succinyl CoA. At equilibrium, when the optical density change 
was 0.960, the solution in the experimental cell was deproteinized with 
ice-cold trichloroacetic acid (final concentration, 2 per cent), the protein 
precipitate was removed by centrifugation, and the supernatant fluid was 
neutralized. By enzymatic assay with thiolase and citrate condensing 
enzyme, in the presence of CoA and oxalacetate, the solution was found to 
contain 0.204 umole of acetoacetyl CoA, corresponding to a concentration 
of 1.36 X 10~* m in the 1.5 ml. of reaction mixture originally present in the 
experimental cell. Thus, at pH 8.1 and in the presence of 5.3 XK 107° m 
Mg**, the molecular extinction coefficient at 305 my of acetoacetyl CoA is 
14,000. It should be emphasized that this is not the actual value of the 
extinction coefficient of the enolate-Mg chelate, but is calculated on the 
basis of the acetoacetyl CoA concentration. 

Methods—The pig heart 20-40 ethanol fraction, used in the experiment 
of Table I, was prepared from the 40-60 ammonium sulfate fraction de- 
scribed above by precipitation with ethanol between the limits of 20 and 
40 per cent concentration (by volume) at —15° and pH 7.4. The condi- 
tions, solution of the precipitate, and dialysis were otherwise the same as 
those for the ethanol fractions described under “ Fractionation of enzymes.” 

The ox liver Fraction L, used in the experiments of Table III, was pre- 
pared as follows: Ox livers were frozen immediately after slaughtering. 
The frozen liver was thawed and cut into small pieces. It was extracted in 
a Waring blendor, 150 gm. batches at a time, with 100 ml. of 0.2 m potas- 
sium bicarbonate containing 0.005 m L-cysteine (pH 8.5) for 3 to 4 minutes 
at 3-4°._ The homogeneous suspension obtained at this point was diluted 
with a further 200 ml. of the bicarbonate solution and blended for 1 more 
minute. The suspension was strained through two layers of cheese-cloth 
and centrifuged for 20 minutes at 3-4° and 3000 r.p.m. in the large head of 
the International centrifuge. The large residue obtained was discarded. 
The supernatant fluid, containing about 50 mg. of protein per ml., was 
diluted with 2 volumes of the bicarbonate solution used for extraction and 
fractionated with ammonium sulfate. Solid ammonium sulfate was added 
at 0° with mechanical stirring. The fraction between 0 and 0.3 saturation 
was discarded. The supernatant solution was brought to 0.6 ammonium 
sulfate saturation at 0° and, after stirring for 20 minutes, the precipitate 
was collected by centrifugation in the Servall angle centrifuge in the cold 
room, dissolved in 0.02 mM potassium phosphate buffer, pH 7.0, containing 
0.005 m L-cysteine, and dialyzed overnight against the same buffer at 3-4°. 
The clear reddish solution contained 40 to 50 mg. of protein per ml. This 
solution was brought to pH 5.5 with 1.0 n acetic acid; the precipitate was 
removed by centrifugation and discarded, and the supernatant fluid was 
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either dialyzed overnight against 0.02 m potassium phosphate buffer, pq 
7.0, or adjusted to pH 7.0 with 1.0 Nn KOH. The neutralized solution was 
heated to 50° for 5 to 10 minutes with constant stirring, chilled, and cep. 
trifuged. The precipitate, which was usually small, was removed by cep. 
trifugation and discarded. Under the assay conditions of Table III, an 
amount of unheated Fraction L containing 5.5 mg. of protein catalyzed the 
formation of about 1.5 wmoles of acetoacetate in the absence of protein 
fractions other than transacetylase. After heating, the same fraction cate. 
lyzed the formation of only 0.12 umole of acetoacetate (cf. Table ITT). 
The transacetylase used in the acetoacetate synthesis assay system was 
prepared by the following procedure:* Streptococcus hemolyticus (type ©) 
was obtained® in the form of a filter cake containing over 90 per cent by 
volume of Celite. It was kept frozen. The material was thawed and sus. 
pended in 0.1 m potassium phosphate buffer, pH 7.4, to make a fluid paste, 
After standing for about 20 minutes, with occasional stirring, the mixture 
was placed in a Waring blendor and stirred for 7 minutes at 3-4°. The 
suspension was centrifuged for 20 minutes at 13,000 r.p.m. in the Servall 
angle centrifuge in the cold room and the sediment was discarded. The 
supernatant fluid was brought to 70 per cent saturation with solid am- 
monium sulfate at 0° and the precipitate was stored at —18°. At this 
stage the preparation contained transacetylase (13) and acetokinase (28), 
The ammonium sulfate paste was diluted with 1 volume of water and acidi- 
fied to pH 4.0 with 1.0 n hydrochloric acid; the precipitate was discarded. 
The supernatant solution was brought to 70 per cent saturation with solid 
ammonium sulfate and centrifuged; the precipitate was dissolved in 0.1 « 
dipotassium phosphate and dialyzed overnight against 0.02 m potassium 
phosphate buffer, pH 7.4, containing 0.001 m L-cysteine. This prepara- 
tion was free of acetokinase and contained about 150 units of transacetylase 
(13) per ml.; its protein concentration was about 19 mg. per ml. 
Crystalline condensing enzyme was prepared as described by Ochoa et al. 
(29). Succinyl-S-CoA was prepared synthetically according to Simon and 
Shemin (24). Citric acid was determined by the method of Natelson et al. 
(30) with some modifications. Acetoacetic acid was determined by the 
method of Greenberg and Lester (31), as modified by Barkulis and Lehnin- 
ger (32), on trichloroacetic acid filtrates. In the presence of oxalacetate 
(cf. Table I) acetoacetate was determined by the aniline acetate method 
after decarboxylation of residual oxalacetate by addition of Cut+ according 
to the procedure of Hunter and Leloir (5). Protein was determined by the 


5S. Korkes, unpublished. We are indebted to Dr. Korkes for permission to de- 
scribe this procedure. 

6 From the Lederle Laboratories Division, American Cyanamid Company, through 
the courtesy of Mr. F. Ablondie. 
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T, PH | method of Gornall et al. (33) or by measurement of the light absorption at 
ak wave-lengths 280 and 260 my according to Warburg and Christian (34). 
cen- 


y cen. SUMMARY 

HT, an 1. The cleavage of 6-keto fatty acids by soluble enzyme preparations 
. the from animal tissues requires preliminary activation to the corresponding 
rotein CoA thio ester derivatives. In heart muscle these derivatives are formed, 
Cate in the case of acetoacetate, 8-ketovalerate, and 6-ketocaproate, by transfer 
). of CoA from succinyl CoA. 

n Was 


2. Cleavage of the activated 8-keto acids yields acetyl CoA and the acyl 
pe C) CoA derivative shorter by 2 carbon atoms than the parent 8-keto acid. 


nt by 3. The separation and some properties of two enzymes from pig heart 

d sus. extracts catalyzing the CoA transfer (transferase) and cleavage (thiolase) 

paste. 7 reactions are described. Reversibility of these reactions is responsible for 

— the synthesis of acetoacetate from acetyl CoA in the presence of the two 
The enzymes and succinate. 

— 4. The isolation and characterization of acetoacetyl-S-CoA, formed by 


7 the enzymatic transfer of CoA from succinyl CoA to acetoacetate, are de- 
am- : 
scribed. 


t this 
| = We wish to thank Professor 8. Ochoa for his help and interest in this 
a ad work and Mr. M. C. Schneider for help with the enzyme preparations. 
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(1962), ly. PREPARATION AND PROPERTIES OF COENZYME A TRANSFERASE* 
hanism | 5, JOSEPH R. STERN,} MINOR J. COON,t ALICE vex CAMPILLO,S 
AND MORTON C. SCHNEIDER 
(From the Department of Pharmacology, New York University College of 
Medicine, New York, New York) 
Chem, (Received for publication, October 28, 1955) 
(1951) Evidence for the reversible enzymatic transfer of CoA! from succinyl-S- 


(1948), | CoA to acetoacetate according to Reaction 1 has been presented in Paper 
[lI (1). The enzyme catalyzing Reaction 1 has been named succinyl-f- 


(1949), 9) Succinyl-S-CoA~ + acetoacetate~- — acetoacetyl-S-CoA- + succinate™ + Ht 


ketoacyl-S-CoA transferase (2) and will be referred to simply as CoA 
transferase or transferase.? The first enzyme of this type was described 
by Stadtman (3) in Clostridium kluyveri extracts and named CoA trans- 
phorase. It catalyzes the reversible transfer of CoA from acetyl-S-CoA to 
(; to Cs monocarboxylic saturated fatty acids, vinylacetic and lactic acids, 
but not to B-keto acids. This paper describes the preparation and prop- 
aties of highly purified CoA transferase, including substrate specificity 
and affinity, pH dependence, and equilibrium constants. The distribu- 
tion of the enzyme and its significance in cardiac metabolism are discussed. 
\ preliminary account of this work has appeared (4). 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth, National Research 
Council), and by a contract (N6onr279, T. O. 6) between the Office of Naval Research 
and New York University College of Medicine. 

t Present address, Department of Pharmacology, School of Medicine, Western 
Reserve University, Cleveland 6, Ohio. 

t Special Fellow of the National Institutes of Health, United States Public Health 
Service. Present address, Department of Biochemistry, School of Medicine, Uni- 
versity of Michigan, Ann Arbor, Michigan. 

§ Present address, Department of Biochemistry, School of Medicine, University 
of Puerto Rico, San Juan, Puerto Rico. 

!The abbreviations employed in Paper III (1) are adhered to. In addition, op- 
tical density (log Io/J) is abbreviated as FE (extinction). AK3.9 stands for change in 
optical density at wave-length 310 mu. EDTA = ethylenediaminetetraacetic acid, 
FAD = flavin-adenine dinucleotide. 

*A Committee on Nomenclature, 2nd International Conference on Biochemical 
Problems of Lipides, Ghent, Belgium, July, 1955, has proposed the systematic name 
acetoacetylsuccinic thiophorase for CoA transferase. 


15 








XUM 





16 ENZYMES OF FATTY ACID METABOLISM. IV 


Enzyme Assay and Unit 


The direct optical assay is based on the finding of Lynen et al. (5) that, 
at alkaline pH, acetoacetyl thio esters, e.g. S-acetoacetyl-N-acetylthio. 
ethanolamine (6) and acetoacetyl-S-CoA (1, 6), exhibit a characteristic 
absorption band in the range 280 to 320 my, with a maximum at 303 my, 
This absorption is attributed to formation of an enolate ion and is in- 
creased by a decrease in H+ ion concentration. Stern et al. (4) observed 
that this enolate absorption of acetoacetyl CoA is markedly increased by 
Mg? ions, probably through formation of a chelate compound. The 
presence of Mgt* ions, which are not required for CoA transferase activity, 
increases the sensitivity of the optical assay. Succinyl CoA has no sig- 
nificant absorption in the enolate ion region. It is important to note that 
the enolate ion absorption is abolished by 10-* m Hg ions (7) and by 
6 X 10-* M L-cysteine, but not by glutathione’ or thioglycolate.‘ 

The optical assay is performed at wave-length 310 my with a Beckman 
spectrophotometer in 2.0 ml. silica cells of 0.5 cm. light path. To the 
experimental cells are added 0.10 ml. of 1.0 m Tris-HCl buffer, pH 8.1, 
0.01 ml. of 0.8 m MgCls, 0.10 ml. of 1.0 m potassium acetoacetate, 0.20 
ml. of 0.0018 m succinyl CoA, enzyme, and water to a final volume of 
1.50 ml. The reference cell contains all the assay components except 
succinyl CoA. The enzyme is diluted with 0.02 m potassium phosphate 
buffer, pH 7.4, so that 0.01 ml. contains 3 to 40 y of protein, depending on 
its activity. The reaction is started by addition of enzyme and the in- 
crease in optical density at 310 muy is recorded at 0.5 minute intervals at 
25°. The AL sg from 0.5 to 1.0 minute after addition of enzyme is used to 
calculate its activity. 

1 unit of enzyme is defined as the amount which causes an initial rate of 
increase in optical density (+A) of 0.01 per minute under the above 
conditions. As illustrated in Fig. 1, the initial rate of +A is propor- 
tional to enzyme concentration, provided it does not exceed 0.04 per 
minute. The initial rate is not maintained beyond 2 to 3 minutes, prob- 
ably because of the unfavorable equilibrium position when the reaction 
is measured in this direction. The specific activity is expressed as units 
per mg. of protein. Protein is determined spectrophotometrically by the 
method of Warburg and Christian (8). The molecular extinction coeffi- 
cient (€310) of acetoacetyl CoA under the assay conditions (pH 8.1, Mg** 
present) is 11,900. Therefore, 1 unit corresponds to the formation of 
0.0025 umole of acetoacetyl CoA. It should be noted that the direct assay 
can be modified to measure the favored enzymatic conversion of acetoacety! 
CoA to succinyl CoA (see below). 


3. Lynen, personal communication. 
4 J. R. Stern, unpublished observations. 
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Assay of Crude Tissue Extracts—The direct optical method of assay can 
that only be employed with enzyme fractions which are free of acetoacety! 
thio. thiolase. Thiolase is removed in Steps 3 and 4 of the purification proce- 
aristic dure. With cruder fractions and tissue extracts, the transferase can be 
assayed optically by coupling with thiolase and trapping the acetyl-S-CoA 

















3 My. ° ; : 
1 re thus generated with oxalacetate, with use of the malic dehydrogenase- 
eel condensing enzyme system (9, 10) or with p-nitroaniline and the aromatic 
ed by 
The — 7 
tivity, af 
0 sig- = 0.045 
e that 2 
ni . ws 
d by 90.02 + 
*kman 1 
H 8.1, TRANSFERASE (yg) 
- 0.20 Fic. 1. Optical assay of transferase. The assay conditions are given in the text. 
me of Transferase, specific activity 900, was used. 
except 


sphate | amine-acetylating enzyme of pigeon liver (11, 12). The sequence of re- 
ing on § actions is as follows: 


aa 2) Succinyl-S-CoA + acetoacetate — acetoactyl-S-CoA + succinate 
sed to (3) Acetoacetyl-S-CoA + HS-CoA = 2 acetyl-S-CoA 
(4a) 2 Malate + 2DPN+t + 2 acetyl-S-CoA = 
a 2 citrate + 2HS-CoA + 2DPNH + 2H+ 
ropor- (4b) 2 Acetyl-S-CoA + 2 p-nitroaniline — 2 p-nitroacetanilide 


4 per | The reduction of DPN+ can be followed at wave-length 340 my and the 
: prob- acetylation of p-nitroaniline at 420 my (12). 

action The components of the DPN* reduction assay (in micromoles) are Tris- 
s units | HCl buffer, pH 8.1, 100; MgCls, 8; potassium acetoacetate, 100; CoA, 
by the 0.2; neutralized GSH, 10; DPN*+, 0.3; potassium L-malate, 10; succinyl 
coeffi- CoA, 0.35; purified thiolase, 200 units (specific activity 15,000); purified 
Mg" malic dehydrogenase, 2 y (specific activity 62,000); crystalline condensing 
ion of enzyme, 16 y (specific activity 330); and CoA transferase fraction, 3 to 
i assay {250 y. The reaction is started by addition of succinyl CoA. 1 unit of 
acetyl | transferase is defined as the amount which causes an initial rate of increase 
in optical density at 340 my of 0.01 per minute at 25°. 1 unit corresponds 
to the formation of 0.0048 umole of DPNH or 0.0024 umole of acetoacetyl 
CoA. 
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If the extract is contaminated with DPNH oxidase (the use of cyanide 
as inhibitor may be tried (10)), the p-nitroaniline assay should be used 
The components of the latter (in micromoles) are Tris-HC1 buffer, pH 8.1, 
100; MgCl, 8; potassium acetoacetate, 100; CoA, 0.2; neutralized GSH. 
10; succinyl CoA, 0.35; p-nitroaniline, 0.3; purified pigeon liver acetylating 
enzyme, 0.3 mg. (specific activity 150 to 200); and transferase fraction, 
Purified thiolase (200 units) must also be added after Step 2 if not already 
supplied in excess by the acetylating enzyme fraction employed. The re. 
action is started by addition of succinyl CoA. 1 unit of transferase is de. 
fined as the amount which causes an initial rate of decrease in optical 
density at 420 my of 0.01 per minute at 25°. 1 unit corresponds to the 
formation of 0.0050 umole of p-nitroacetanilide or 0.0025 umole of aceto- 
acetyl CoA. 


Purification of Enzyme 


Step 1. Preparation of Extract—Pig hearts, removed immediately after 
death, are packed in ice. All subsequent operations are performed at 
0-3° unless otherwise indicated. Thirty hearts are trimmed of fat, blood 
clots, and connective tissue and passed twice through an electric mincer, 
The minced heart (about 4.5 kilos) is washed five times with 5 volumes of 
cold tap water in a tall glass cylinder (capacity 37 liters). Cylindrical 
blocks of ice (volume about 800 ml.) are used to keep the suspension cold, 
The washed mince is then passed through a large table type Biichner filter 
and dried as far as possible by suction. 170 gm. portions of the washed 
mince are placed in a Waring blendor and 1.5 volumes (255 ml.) of 0.05 
M potassium phosphate buffer, pH 7.4, containing 0.2 m KCl are added, 
The suspension is stirred for 5 minutes at two-thirds the maximal speed; 
then another 1.5 volumes of buffer mixture are added and the stirring is 
continued for another 5 minutes at one-third maximal speed. The sus 
pension is passed through two layers of cheese-cloth and centrifuged ina 
Servall angle centrifuge at 13,000 X g for 7 minutes. The deep pink 
supernatant fluid is passed through ten layers of cheese-cloth to remove 
floating fat particles. About 10 liters of extract are obtained. 

Step 2. Fractionation with Ammonium Sulfate—5 liter portions of the 
extract are brought to 35 per cent saturation with powdered ammonium 
sulfate (245 gm. per liter). The salt is added slowly over a period of 2 
minutes with mechanical stirring. The mixture is stirred for a further 2 
minutes and centrifuged at 13,000 x g for 15 minutes. The precipitate is 
discarded. The supernatant fluid is brought to 65 per cent saturation by 
adding 210 gm. of ammonium sulfate for each liter of original solution in 
the manner indicated above. The precipitate is dissolved in 500 ml. of 
0.017 m potassium phosphate buffer, pH 6.8, and dialyzed against 20 liters 
of the same buffer for 16 hours. 
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Step 3. Fractionation with Acetone—The 35-65 ammonium sulfate frac- 
tion is made 0.067 m with respect to potassium phosphate buffer, pH 6.8. 
Cold acetone (— 10°) is then added to a concentration of 40.5 per cent by 
yolume with mechanical stirring, the temperature of the mixture being 
gradually lowered to —5° during the 30 to 40 minute period required for 
the addition. Stirring is continued for another 15 minutes at —5°. The 
mixture is centrifuged at 1100 X g for 30 minutes at a temperature setting 
low enough to insure that the temperature of the supernatant solution will 
be —5° to —6°. The precipitate is dissolved in 150 ml. of 0.017 m potas- 
sium phosphate buffer, pH 7.4, and the solution is dialyzed overnight 
against 20 liters of the same buffer. This 0-40.5 fraction is used for the 
purification of thiolase. The cloudy supernatant fluid is brought to 57 
per cent acetone concentration by volume at —9° to —10° and, after cen- 
trifugation at this temperature, the precipitate is dissolved in 150 ml. of 
0.017 m potassium phosphate buffer, pH 7.4, and the solution is dialyzed 
overnight against 20 liters of the same buffer. 

In practice, stocks of the 0-40.5 and 40.5-57 acetone fractions are ac- 
cumulated as starting material for the further purification of thiolase and 
transferase, respectively, and kept frozen. Transferase is remarkably 
stable at all stages of purification and can be kept in the deep freeze for 
many months with little or no loss of activity. 

Step 4. Heat and Acid Treatment—The 40.5-57 acetone fraction is 
diluted with 0.017 m potassium phosphate buffer, pH 7.4, to bring the pro- 
tein concentration to 10 mg. per ml. 300 ml. portions, in a 1 liter glass 
beaker, are placed in a bath at 55° and stirred constantly. The tempera- 
ture of the solution is allowed to rise to 50° during an interval of 9 minutes, 
the bath temperature falling to about the same reading. The solution is 
maintained at 50° for another 6 minutes and then placed in an ice bath. 
The precipitate is removed by centrifugation at 13,000 X g for 20 minutes 
and discarded. About 65 ml. of 0.1 N acetic acid are added rapidly with 
mechanical stirring to the supernatant fluid until the pH falls to 5.8. 
The precipitate is removed by centrifugation at 13,000 X g for 5 minutes 
and discarded. 

Step 5. Adsorption on Alumina Gel'’—The solution from Step 4 is 
quickly adjusted to pH 6.65 by addition of about 4 ml. of 1.0 m potassium 
bicarbonate. Alumina Cy gel (dry weight, 13 mg. per ml.) is added to make 
a final concentration of 30 per cent by volume and the mixture is stirred 
for 10 minutes at 0°. The gel is separated by centrifugation and the 
supernatant fluid is discarded. The gel is suspended in a volume of cold 
0.1 m potassium phosphate buffer, pH 7.4, equal to that of the starting 
solution and stirred continuously for 10 minutes at 0°. After centrifuga- 


5 We are indebted to Dr. S. Kaufman and Dr. C. Gilvarg, who first worked out this 
step for the purification of P enzyme from pig heart. 
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tion, this eluate (718 ml. containing 1750 mg. of protein, specific activity 
4) is discarded and the gel is again eluted by suspending it in a similar 
volume of 0.2 m potassium phosphate buffer, pH 8.0 (20°), and stirring at 
20° for 20 minutes. After removal of gel by centrifugation, the eluate 
at pH 8, containing about 1 mg. of protein per ml., is concentrated by addi- 
tion of solid ammonium sulfate to 85 per cent saturation, centrifuging, and 
dissolving the precipitate in a volume of 0.017 m Tris buffer, pH 7.5, equal 
to 5 per cent of that of the eluate. This fraction is dialyzed overnight 
against the same buffer to remove residual inorganic phosphate as well as 
ammonium sulfate. 

Step 6. Ethanol Fractionation in Presence of Zinc—The dialyzed eluate 
at pH 8 is diluted to a protein concentration of about 5 mg. per ml. with 
0.017 m Tris buffer, pH 7.5, and 0.025 volume of 1.0 m potassium succinate, 
pH 6.2, is added. 0.25 volume of 0.1 m zinc acetate is added slowly with 
stirring at 0°. After 5 minutes the mixture is centrifuged and the pre- 
cipitate (89.4 mg. of protein, specific activity 4) is discarded. Cold abso- 
lute ethanol is added to the clear supernatant fluid at 0° to a concentration 
of 15 per cent by volume and, after stirring for 10 minutes, the mixture is 
centrifuged and the red brown precipitate (262 mg. of protein, specific 
activity 12) is discarded. The supernatant solution is brought to 35 
volumes per cent ethanol concentration, stirred for 10 minutes at 0°, and 
then centrifuged. The yellowish precipitate is dissolved in 10 ml. of 0.1 
M potassium phosphate buffer, pH 7.4, containing 0.01 m potassium EDTA 
and 0.1 per cent GSH, and the solution is dialyzed overnight against 0.017 
M potassium phosphate buffer, pH 7.4. Any turbidity which may appear 
is removed by centrifugation, leaving a clear yellow solution. 

Step 7. Fractionation with Ammonium Sulfate—The procedure is that 
of Step 2. The 15-35 zinc-ethanol fraction is diluted to a protein concen- 
tration of 5 mg. per ml. with 0.017 m potassium phosphate buffer, pH 7.4, 
and then brought to 45 per cent saturation with ammonium sulfate. The 
precipitate (5.6 mg. of protein, specific activity 168) is discarded and the 
supernatant fluid obtained after centrifugation is brought to 58 per cent 
saturation with ammonium sulfate. This precipitate is collected and dis- 
solved in a few ml. of 0.017 m potassium phosphate buffer, pH 7.4, to give 
a clear yellow solution which is dialyzed overnight against the same buffer. 
Data on the purification of the enzyme are summarized in Table I. 


Properties of Enzyme 


Purity—The 45-58 ammonium sulfate fraction is practically the most 
active transferase preparation which has been obtained. Its specific ac- 
tivity falls in the range 1000 + 50. This fraction, concentrated solutions 
of which were visually yellow, contained a fluorescent flavoprotein. Ul- 
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tivity tracentrifugal analysis® showed that it contained two protein components. 
‘imilar | The major component, comprising about 80 per cent of the total protein, 
ing at | was the transferase (see below). The minor component, which sedi- 
eluate | mented somewhat less rapidly and represented about 20 per cent of the 
‘addi. | protein, was the flavoprotein. The sedimentation constant (s2,~) of the 
z, and | CoA transferase component was 5.08 X 10—" per second for a 1.22 per cent 
equal § solution in 0.02 m potassium phosphate buffer, pH 7.4. Assuming a partial 
right specific volume of 0.75 and a frictional ratio (f:fo) between 1.0 and 1.8, the 
vell as | molecular weight would be from 46,000 to 112,000. 



































eluate TaBLeE I 

_ with Purification of CoA Transferase 

in ey oe ek! be er ner ; 

-_ Step No | Volume Units Protein Soecmne Yield 
a ed ml. mg. Fang . per cent 
‘ation | Phosphate extractT......... .| 10,500 | 181,000 | 151,000 1.2¢ | 100 
ie 2, (NH4) 2804 (35-65)............| 1,240 | 156,000 | 25,900 6.0§ 86 
ue 8 93. Acetone ppt. (40.5-57)...... | 474 86,700 8,250 10.5§ 48 
ecific #4 Acid supernatant fluid....... .| 723 | 68,300 | 4,880 14.0}] 38 
to 35 #5. Alumina eluateJ.............| 46 63 ,400 576 110|| 35 
, and §. Zinc-ethanol (15-35)........ | 15.6} 42,700 95.1 449|| 24 
£01 4° (NH,)2SO,4 (45-58)........... | 1.8| 34,300 34.3 | 1000}| 18 
DTA * Calculated in units of direct assay. 

0.017 t From 4.5 kilos of heart. 

ppear t p-Nitroaniline assay. 


§ DPN* reduction assay. 
| Direct assay. 
§ After concentration. 


that 
neen- 


7.4, Identification of Components—Paper electrophoresis’ confirmed the pres- 
The J] wee of two protein components in the 45-58 ammonium sulfate fraction. 
1 the | The migration of the flavoprotein could be readily followed by its fluores- 
cent } cence in ultraviolet light. In a typical experiment, 0.42 mg. of purified 
dis- enzyme (specific activity 1000) was placed on a paper strip (Whatman No. 
‘give | |) and run with a current strength of 1.0 ma., a solvent of 0.05 m potassium 
iffer. phosphate buffer, pH 7.9, and a temperature of 3°. After 20 hours, the 
position of the components was determined on a separate paper strip con- 
taining 0.11 mg. of the enzyme and treated identically. On both strips the 
favoprotein had migrated 5.4 + 0.2 cm. toward the anode. Staining the 


most 

2 At: 6 We are indebted to Dr. I. B. Wilson, College of Physicians and Surgeons, Colum- 
, bia University, for the ultracentrifuge runs. 

Hons 7We are grateful to Dr. C. V. Tondo and Dr. K. G. Stern, Polytechnic Institute 
UL | of Brooklyn, for use of their facilities. 
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control strip with Amido Schwarz 10B revealed, in addition, a second pro- 
tein component, which had migrated 4.0 + 0.4 cm. toward the anode 
The corresponding areas of the experimental strip were eluted with 19 
ml. of 0.1 m potassium phosphate buffer, pH 7.4. The eluted proteins 
representing 69 per cent recovery were assayed enzymatically. The slower 
moving protein gave a positive transferase assay. Its specific activity of 
83 indicated considerable inactivation of the enzyme during the electro. 
phoretic run: The flavoprotein gave a negative assay for transferase and 
a positive diaphorase test (see below). When subjected to paper electro. 
phoresis in 0.05 m potassium phosphate buffer, pH 6.0, the flavoprotein 
migrated toward the anode and the transferase toward the cathode. This 
suggested that the isoelectric point of the flavoprotein was below, and that 
of transferase above, pH 6. Densitometer analysis of the stained paper 
electrograms gave a calculated 77 per cent of the total protein as trans. 
ferase. 

Nature of Flavoprotein—The absorption spectrum of the solution of the 
45-58 ammonium sulfate fraction was typical of a flavoprotein and showed 
three absorption bands with maxima at 278, 355, and 455 my. The pros- 
thetic group of the flavoprotein could be resolved by heat denaturation of 
the protein (pH 7.4), but not by acidification to pH 2.3 in 45 per cent 
ammonium sulfate solution (12). It was identified as flavin-adenine dinu- 
cleotide by its reactivity with p-amino acid oxidase apoprotein (13). The 
native flavoprotein in this fraction gave negative tests for diphosphopyri- 
dine nucleotide- and triphosphopyridine nucleotide-linked cytochrome ¢ 
reductases, D- and L-amino acid oxidases, and fumarate reductase. It 
possessed fairly active diaphorase activity and, in an optical test system 
(d = 0.5 cm.) consisting of 0.067 m Tris-HCl buffer, pH 8.5, 2 « 10“ 
DPNH, and 0.9 X 10-4 m 2,6-dichlorophenolindophenol in a volume of 
1.50 ml., caused a — AE 20 of 0.8 per mg. of total protein. Under the same 
conditions the flavoprotein component isolated by paper electrophoresis 
causes a — AK ¢9 of 1.0 per mg. of protein, suggesting some inactivation on 
electrophoresis. While several of its properties, fluorescence, tightly bound 
FAD, and absorption spectrum, paralleled those of Straub’s heart di- 
aphorase (14), no further attempt was made to characterize this flavopro- 
tein enzyme. 

Removal of Flavoprotein—The flavoprotein can be largely, but not en- 
tirely, removed from the 45-58 ammonium sulfate fraction (2.0 mg. of 
protein per ml.) by adsorption on 0.12 volume of alumina Cy gel at pH 
6.0. Higher concentrations of gel result in significant adsorption of the 
transferase. The specific activity of the CoA transferase in the gel super- 
natant fluid, which shows very slight fluorescence under ultraviolet light, 
is thereby increased about 20 per cent. The flavoprotein itself is readily 
eluted from the alumina Cy with 0.2 m potassium phosphate buffer, pH 
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id pro. | 8.0. Assuming that the flavoprotein contains one flavin group per mole- 
anode. | cule and that the molecular extinction coefficient of flavoproteins at wave- 
ith 1,9 | length 455 my (€455) is 1040 (15), it can be calculated that its minimal molec- 
roteins | ular weight is 75,000. 
slower Turnover Number—The specific activity of the purest transferase, which 
vity of | is obtained after alumina Cy treatment and represents practically pure 
lectro. | enzyme, falls in the range 1200 + 50. Assuming that the pure CoA 
se and | transferase would have a specific activity of 1300, it would catalyze the 
lectro. | transfer of 325 moles of CoA per minute from succinyl-S-CoA to aceto- 
rotein | acetate per 100,000 gm. of enzyme at pH 8.1 and 25°. As shown below, 
This | the enzyme catalyzes the transfer of CoA from acetoacetyl-S-CoA to suc- 
d that | cinate at a rate about 25 times faster than that of the reverse reaction cor- 


Paper 














t TaBLeE II 
Trans- ae . 
Substrate Specificity of Purified Transferase 
of th The specific activity was determined under standard assay conditions with 100 
° ymoles of B-keto acid. Activity of acetoacetate taken as 100. 

howed : 
> pros- B-Keto acid | Specific activity Relative activity | Relative activity* 
‘ion of | z me 
r cent ee EE 702 100 100 
oe s-Ketovalerate.............. ee 491 70 61 
- dinu- pmeecIsOCRDTORte................. 403 57 10 

The ee ae a 228 32 34 
opyri- Bietooctanoate................. 0 0 0 
ome ¢ 8-Ketoadipate............ becca | 0 0 0 
e. It * Calculated from measurements (18) of the rate of citrate synthesis by a crude 
ystem ethanol fraction of pig heart which contained CoA transferase (specific activity 
10 ~10) and excess thiolase and condensing enzyme. 
me of ' , 
:same | Ttsponding to a turnover number of 8000. It is noteworthy that the turn- 
oresis | over number of CoA transferase is of the same order of magnitude as that 
ion on | of crystalline citric condensing enzyme (turnover number 5000) also pre- 


bound | pared from pig heart (16). 

rt di- The purified transferase (specific activity 1140) is free of thiolase, cro- 
vopro- | tonase, 6-hydroxybutyryl-S-CoA dehydrogenase, condensing enzyme, aco- 
nitase, the P enzyme system, and succinyl-S-CoA deacylase. It contains 
ot en- | traces of fumarase hydrating 0.44 umole of fumarate per mg. per minute at 
ng. of | PH 8.1 and 25°. Since the turnover number of crystalline fumarase is 
at pH} about 100,000 (17), this transferase preparation contained about 0.09 
of the | per cent fumarase. On the basis of the maximal specific activity, it can 
super- | be calculated that 0.09 per cent of the protein in the initial heart extract is 
light, } CoA transferase. 

sadily Specificity—As shown in Table II, the purified CoA transferase catalyzes 
r, pH the transfer of CoA from succinyl-S-CoA to acetoacetate, 6-ketovalerate, 
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B-ketoisocaproate, and 8-ketocaproate in order of decreasing activity. It 
is seen that, 6-ketoisocaproate excepted, the relative activity of the 6-keto 
acids measured by direct optical assay with the purified enzyme agrees 
well with that reported earlier (17) for crude heart fractions by using a 
multienzyme assay based on citrate synthesis. It appears that in crude 
fractions the cleavage of 8-ketoisocaproyl-S-CoA by thiolase was the rate- 
limiting step and was considerably slower than the cleavage of §-keto- 
caproyl-S-CoA. The purified transferase also transfers CoA from succiny]- 
S-CoA to a-methylacetoacetate® but not to B-ketooctanoate, 8-ketoadipate, 
benzoylacetate, crotonate, 6-methylcrotonate, and saturated fatty acids. 
It catalyzes CoA transfer from acetoacetyl-S-CoA to succinate, but not to 
malonate, glutarate, butyrate, 6-hydroxybutyrate, crotonate, or malate. 
It does not catalyze CoA transfer from crotonyl-S-CoA to succinate, nor 
from maleyl-S-CoA to acetoacetate. Thus the transferase is strictly speci- 
fic for the succinyl moiety in regard to chain length, substitution, and 
introduction of a double bond. It is less specific for the 6-keto acyl moiety 
which may vary in chain length from C, to Cs, and which may be substi- 
tuted in the a-carbon but not the w-carbon atom (viz. a-methyl acetoace- 
tate and 6-ketoadipate). 

Succinyl-S-pantetheine and succinyl-S-glutathione, even in high con- 
centration, cannot replace succinyl-S-CoA as substrate for the transferase. 
Acetoacetyl- S-pantetheine is also inactive. Beinert and Stansly (19) have 
demonstrated that malonate, butyrate, 8-hydroxybutyrate, and valerate, 
as well as succinate and acetoacetate, increase the formation of labeled 
acetoacetate from C'*-acetyl-S-CoA in the presence of crude heart frac- 
tions containing CoA transferase and thiolase. They interpret their re- 
sults to indicate that these acids can replace succinate as substrate for 
CoA transferase. Since CoA transferase is strictly specific for the succinyl 
moiety, this interpretation is untenable, and other factors must have been 
operative. 

Reaction with Acetoacetyl-S-CoA—The purified transferase catalyzes the 
transfer of CoA from acetoacetyl CoA to succinate (Curve A, Fig. 2) more 
rapidly than the reverse reaction. When tested under optimal conditions 
and without Mg*+ ions (to avoid competitive chelation effects), the rate 
was 25 times faster with acetoacetyl CoA than with succinyl CoA as initial 
reactant (Table III). The reversibility of the reaction is demonstrated in 
the experiment of Curve B, Fig. 2. 

Affinity of Substrates—These determinations were all performed in the 
absence of Mg*+ because of the chelation of Mg** by high concentrations 
of succinate and possibly acetoacetate. The K,, value, determined by the 
method of Lineweaver and Burk (20), was 1.6 X 10-° m for acetoacetyl 


8M. J. Coon, unpublished experiments. 
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CoA and 8.8 X 10-° o for succinyl CoA. The concentrations required to 
saturate the transferase were 4.6 X 10~ and 3.6 X 10~‘ M, respectively. 
The affinity for acetoacetate and for succinate was much less. Accurate 
K,, values were not obtained for technical reasons. However, the rates 
given in parentheses, expressed as micromoles of CoA transferred per 
minute per mg. of enzyme, were observed for the concentration of free 
acid indicated as follows: succinyl CoA to acetoacetate, 1 X 10-* m (0.18), 

















o 

oOo 

uo 
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0 5 10 15 20 25 30 
MINUTES 

Fic. 2. Optical measurement of the reaction acetoacetyl-S-CoA + succinate = 
succinyl-S-CoA + acetoacetate. Silica cells (d = 0.5 cm.); temperature 25°. Curve 
A, the cells contained 100 umoles of Tris-HCl buffer, pH 8.1, 0.07 umole of acetoacetyl 
CoA (containing an additional 0.03 umole of acetoacetyl-S-glutathione), 100 wmoles 
of potassium succinate, pH 8.0, 0.21 y of CoA transferase (specific activity 572), and 
water to a final volume of 1.50 ml. The reaction was started at zero time by addition 
ofenzyme. Curve B, the cells contained initially 100 wmoles of Tris-HCl! buffer, pH 
8.1, 0.20 umole of acetoacetyl CoA (containing 0.08 umole of acetoacetyl-S-gluta- 
thione), 0.75 umole of potassium succinate, pH 8.0, 42 y of transferase (specific ac- 
tivity 572), and water to a final volume of 1.50 ml. The reaction was started at zero 
time by addition of enzyme. At Arrow 1, 100 umoles of potassium acetoacetate 
added; at Arrow 2, 10 umoles of potassium succinate added. Thio ester was omitted 
from the reference cell in both experiments. Readings corrected for dilution after 
each addition. 


5 X 10°* m (0.36), 2 K 10° m (0.54), 5 X 10° o (1.30), 6.7 XK 10° Mm 
(1.98); acetoacetyl CoA to succinate, 2.5 X 10-* m (13.4), 2.5 K 10° m 
(21.5), 5 & 10° m (37.5), 6.7 X 10-? m (48.6). 

Effect of pH—As shown in Table IV, the reaction rate for the transfer 
of CoA from succinyl CoA to acetoacetate increased continuously over the 
range pH 7.0 to 9.1 as determined by the optical method. One factor con- 
tributing to this effect is the dissociation of a proton from acetoacetyl-S- 
CoA above pH 9.0, for, as shown by Stern (7), the pK’ of the latter is 
945. At pH 7.5 and above, Mg** appeared to inhibit the reaction. If, 
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as Loewus et al. (21) have demonstrated for oxalacetate and malic dehy- 
drogenase, the keto form is the active substrate of the transferase, this 
effect may be more apparent than real and simply inherent in the optical 


TaB_eE III 
Relative Rates of Reactions Catalyzed by Transferase 
In Experiment 1, the reaction mixture contained (in micromoles) Tris-HCl buffer, 
pH 8.1, 100; suecinyl-S-CoA, 0.6; potassium acetoacetate, 100; and transferase, 42 
y (specific activity 572, originally 1000). 7.5 wmoles of MgCl. added as indicated. 
Final volume, 1.50 ml.; temperature, 23°. In Experiment 2, the conditions were the 
same as those for Curve A of Fig. 2. 


| a se : REP > 
} CoA transferred per min. per mg. of enzyme 





























Experiment No. Substrate 
No Mg*+ 5 X 1077 wm Mgt 
pmoles moles 
1 Succinyl-S-CoA 1.98 1.44 
Acetoacetyl-S-CoA 48 .6 40.8 (51.1)* 
Rete, a 3 24.5 | 28.3 (35.5) 
Experiment 1 


| 
' 





* The values in parentheses have been corrected (approximately) for chelation of 
added Mg** by high concentrations of succinate, an effect which decreases the effec- 
tive concentration of Mgt* and hence the extinction of acetoacetyl CoA. 





TABLE IV 
Effect of pH on Transferase Activity 
Conditions as in Experiment 1, Table III. Tris-HCl buffer used throughout. 





} CoA transferred per min. per mg. of enzyme 














pH in elles 
No Mg*+ | 5 X 107 mw Mgt 
umoles | pmoles 
7.0 0.48 0.56 
7.5 1.00 | 0.80 
8.1 1.98 1.44 
9.1 | 3.05 | 1.71 








method of assay in which the concentration of the enolate or chelate forms 
or both is measured (7). 

Equilibrium Constants—The equilibrium constant of Reaction 1 is given 
by the expression 


a [acetoacetyl-S-CoA~]|succinate™]|H*] 
~ [succinyl-S-CoA~][acetoacetate™] 
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We have determined at different pH values, in the presence and absence of 
added Mgt*, the apparent equilibrium constant K’, employing for the cal- 
culation the total concentration of reactants (ionized and unionized, che- 
lated and unchelated) at equilibrium according to the equation 


_ (acetoacetyl-S-CoA) (succinate) 
i (succinyl-S-CoA) (acetoacetate) 


‘ 





TABLE V 


Equilibrium Constant of Reaction Succinyl-CoA + Acetoacetate = Acetoacetyl-S-CoA 
+ Succinate at pH 8.1 in Presence or Absence of Mg** 

The reaction mixture contained initially Tris-HCl buffer, pH 8.1 (0.10 m), MgCl. 
(5.3 X 10-* m), potassium acetoacetate (66.7 X 10-* m), succinyl-S-CoA (0.54 X 107? 
yin Experiments 1, 3, and 4; 0.41 X 10-* m in Experiment 2), and potassium suc- 
cinate (2.43 X 10-* m in Experiments 1, 3, and 4; 2.11 X 10-* m in Experiment 2). 
The reaction was started by addition of 60 y of transferase (specific activity 880). 
Final volume, 1.5 ml.; temperature, 30°. pH (glass electrode) 8.10. Acetoacetyl-S- 
CoA formation measured at 310 my against a reference cell containing all components 
except succinyl-S-CoA. Equilibrium was attained in 7 to 10 minutes. A correction 
was made for 5 per cent loss of succinyl-S-CoA by spontaneous hydrolysis during 
this period. Silica cells, d = 0.5 em. 





Equilibrium concentrations (X 107? m) 


Experiment No. 





Acetoacetyl- 
S-CoA 


Succinate 


Acetoacetate 


Succinyl-S-CoA 


K’ (X 10°) 
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3¢ 


0.095 
0.075 
0.053 


to 
ZES 


8.67 
8.84 
4.34 
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Average (with Mg**)....... 8.82 





*MgCl. omitted. It was not determined whether the other reactants were com- 


pletely free of Mg**. 
t MgCl. (5.3 X 107? m) added to cells of Experiment 3 after equilibrium was 
reached. 


At a given pH, K’ was determined by measuring optically at 4 = 310 
mm the formation of acetoacetyl-S-CoA from succinyl-S-CoA and aceto- 
acetate with constant concentrations of CoA transferase. Since the initial 
concentration of all reactants was known, their equilibrium concentration 
could be calculated from the +A. by use of the molecular extinction 
coefficient (€310) of acetoacetyl-S-CoA determined under the same condi- 
tions. Typical results at pH 8.1 and 30° are shown in Table V. It is 
ven that the presence of Mg*+, which forms a chelate compound with 
acetoacetyl-S-CoA (4, 7), doubled the value of K’, and that the same value 


forms 


given 
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of K’ was obtained whether Mg** was present initially or was added after 
the reaction had attained equilibrium in its absence. The average valye 
of K’, in the presence of Mgt+, was 8.82 & 107°. 

The effect of hydrogen ion concentration on the apparent equilibrium 
constant of Reaction 1 is shown in Table VI, both in the presence and ab. 
sence of added Mg**. From the equation log K’ ~ log K + pH, one might 
expect a plot of log K’ versus pH to give a straight line of slope 1.0. Acty. 
ally the experimentally determined values of Table VI when so plotted 
fall on a line of slope 0.24 (with Mg**) and 0.21 (without Mg**), indicating 
that the active concentrations of the reactants do not approximate the 
total concentrations within the narrow pH range investigated. 


TaBLe VI 
Apparent Equilibrium Constant K’ As Function of pH in Presence or Absence 
of Mg** at 30° 
The experimental conditions were the same as those of Table III except that the 
initial concentrations of succinyl-S-CoA and succinate, respectively, were as fol- 
lows: pH 7.0 (0.72 and 1.24 X 10° m), pH 7.5 (0.54 and 1.10 X 10-* m), pH 9.20 (0.9 
and 2.02 X 10° m). Also, 0.10 m glycine buffer was used at pH 9.20. 














K’ (X 10) 
pH 
Without Mg** With Mg** 
7.0 2.8 4.9 
7.5 4.2 5.9 
8.1 4.3 8.8 
9.2 8.6 15.0 











Distribution—CoA transferase is also present in kidney as demonstrated 
by our observation (18) that acetoacetate synthesis by pig kidney extract 
from acetyl-S-CoA (generated from acetyl phosphate and catalytic amounts 
of CoA-SH with transacetylase) is dependent on the presence of succinate 
and succinyl CoA deacylase. Moreover, although these kidney extracts 
form citrate from acetoacetate, ATP, and CoA, in the presence of oxalace- 
tate, the yield of citrate is considerably augmented by addition of succinate, 
since the P enzyme system (22, 23) is also present and generates succiny! 
CoA. Experiments so far have failed to demonstrate CoA transferase in 
pigeon breast muscle, rabbit skeletal muscle, or pigeon brain. They have 
established that pigeon brain extract possesses the acetoacetate-activating 
enzyme (18) which synthesizes acetoacetyl-S-CoA from acetoacetate, CoA, 
and ATP. 

Activators and Inhibitors—No activators of CoA transferase are known. 
The enzyme is not inhibited by 10-* m potassium EDTA, confirming that 
Mg?** is not required for activity. It is not inhibited by 10~ m iodoacetate. 
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Attempts to apply the direct optical assay to crude extracts by inhibiting 
thiolase with iodoacetate (6) have given variable results. 


DISCUSSION 


The free energy (AF°) of Reaction 1 at a given pH can be calculated from 
the equation AF° = —RT In K’. At pH 7.0 and 25° the free energy 
change of Reaction 1 is, therefore, AF° = —1360 log (2.83 X 10-*) = +3470 
calories. Within the range pH 7.0 to 9.2 the average decrease in the free 
energy change of Reaction 1 per unit increase in pH was 300 calories. 
The discrepancy between this and the theoretical value of 1380 calories is 
due to changes in the degree of ionization of the reactants. The free 
anergy of hydrolysis of acetoacetyl-S-CoA is obviously greater than that of 
succinyl-S-CoA. Assuming that the free energy of hydrolysis of succinyl- 
§-CoA is about equal to that of acetyl-S-CoA,° for which a revised value of 
-8200 calories (pH 7.0 and 25°) has been calculated by Burton (25) from 
equilibrium data, the free energy of hydrolysis of acetoacetyl-S-CoA would 
be —11,670 calories. It is relevant that, by coupling CoA transferase with 
the P enzyme system (22, 23), this energy can be transferred to the pyro- 
phosphate bond of ATP, 1 mole of which may be synthesized for each 
nole of acetoacetyl-S-CoA generated during fatty acid oxidation. 

There can be little doubt that CoA transferase plays an active réle in 
the utilization of acetoacetate by peripheral tissues (particularly heart and 
kidney), by converting it to acetoacetyl-S-CoA which may be either re- 
duced to fatty acids via the fatty acid cycle or oxidized via the citric acid 
cycle. The latter in turn generates the necessary succinyl-S-CoA by oxi- 
dation of a-ketoglutarate. The utilization of acetoacetate (ketone bodies) 
by the heart has been demonstrated in situ both in man (26) and dog (27, 
28). Bing et al. (26) have determined that the rate of blood ketone utiliza- 
tion by the human heart is normally 0.50 to 6.1 umoles per 100 gm. of heart 
per minute at 37°. Assuming (a) that 15 per cent of the heart is protein, 
(b) that 0.09 per cent of the protein is transferase, and (c) a turnover num- 
ber of 450 (calculated from data in this paper for pH 7.5 and assuming a 
3fold increase at 37°), then 60 wmoles of acetoacetate could be utilized 
per minute by 100 gm. of heart if the blood level were 10-* m. By ex- 
trapolation, this is compatible with the above values determined at blood 
levels of 3 to 10 X 10> M. 


Materials 


Pabst CoA which assayed 50 to 65 per cent pure and contained up to 20 
per cent (molar basis) glutathione was used. Succinyl-S-CoA, maleyl-S- 


* This is indicated by the close agreement between the K’ values for the P enzyme 
reaction (22) and the aceto-CoA-kinase reaction (24). 
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CoA, and crotonyl-S-CoA were prepared by reaction of the anhydride with 
CoA-SH according to the procedure of Simon and Shemin (29). In the 
case of succinyl CoA, the actual succinyl-S-CoA content of the solution 
was about 50 per cent of the total thio ester formation calculated from the 
disappearance of sulfhydryl. Since succinyl CoA is relatively unstable, 
the solution was kept frozen at neutral pH and used within 2 weeks 
Acetoacetyl-S-CoA was prepared by reacting diketene with CoA-SH at 
pH 5.0 to 6.0 (cf. (6)). It was stored at —20°. We are indebted to Dr. 
J. N. Eisendrath, Aldrich Chemical Company, Milwaukee, for a generous 
sample of purified diketene. Partly purified p-amino acid apooxidage 
from pig kidney (13) was kindly supplied by Dr. I. Zelitch. 


SUMMARY 


1. The preparation from pig heart and properties of highly purified 
CoA transferase, the enzyme which catalyzes reversible CoA transfer be- 
tween succinate and £-keto acids, are described. 

2. The enzyme is strictly specific for succinyl-S-CoA and the C;, to (, 
8-ketoacyl-S-CoA compounds. 

3. The equilibrium constant of the CoA transferase reaction, which js 
markedly in favor of succinyl-S-CoA and acetoacetate, has been deter- 
mined and the free energy change has been calculated. The free energy of 
hydrolysis of the thio ester bond of acetoacetyl-S-CoA is greater than that 
of succinyl-S-CoA by some 3500 calories. 

4, The distribution of CoA transferase and its réle in the utilization of 
blood acetoacetate by heart are discussed. 


The authors wish to thank Professor 8. Ochoa for his helpful interest. 


Addendum—Since submission of the manuscript, CoA transferase has been shown 
to be present in extracts of dog skeletal muscle and ox adrenal gland, tissues known 
to utilize blood ketones. These extracts catalyze the conversion of acetoacetyl-S- 
CoA to succinyl-S-CoA as measured by the modified direct optical assay. (J. R. 
Stern, unpublished experiments.) 
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OPTICAL PROPERTIES OF ACETOACETYL-S-COENZYME A 
AND ITS METAL CHELATES* 


By JOSEPH R. STERN 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, November 7, 1955) 


Acetoacetic thio esters of CoA! (1-3) and possibly pantetheine (4, 5) 
play an important réle in fatty acid metabolism. Effective use has been 
made of the optical properties of these thio esters in developing sensitive 
yssays (6) for the enzymes concerned in their metabolism. 

Lynen and collaborators (7) were the first to discover that acetoacetic 
thio esters, specifically synthetic S-acetoacetyl-N-acetyl-6-mercaptoethyl- 


O O OH 


| | 


] | 
i) CH,;—C—CH:—C—SR = CH,—C=CH—C—SR = 


O- 


CH;—C=CH—C—SR + Ht 


amine, possess a strong absorption band between 280 and 320 muy, with a 
maximum around 303 my. Since the intensity of this band was dependent 
nm pH, increasing with increasing pH, they attributed it to formation of 
the enolate ion, as indicated by reaction (1). The pK’ of S-acetoacetyl- 
\-acetyl-8-mercaptoethylamine was determined to be 8.5. Acetoacetyl- 
&CoA prepared enzymatically (8, 9) or synthetically (1) was found to have 
isimilar absorption band. Stern ef al. (10) showed that the intensity of 
this band was greatly increased in the presence of Mgt*. These observa- 
tions have been confirmed by Beinert (9) and extended to include the Ce 
and Cs B-ketoacyl-S-CoA compounds. 

This paper deals with the optical properties of metal chelates? of aceto- 


* This investigation was aided by grant No. A739 from the National Institute of 
Arthritis and Metabolic Diseases of the National Institutes of Health, United States 
Public Health Service, and by a grant from the Williams-Waterman Fund of the 
Research Corporation. 

' The following abbreviations are used: CoA (or CoA-SH), coenzyme A (reduced) ; 
R-SH, thiol compound; AcAc, acetoacetate; M, metal; e, molecular extinction coeffi- 
‘ient; FE, optical density; Amax, wave-length at which ¢« is maximum. 

*The term chelate is used in its strict chemical sense (cf. (11)). Although the 
compounds described have not been isolated, their behavior in solution is completely 
inaccord with that of known metal chelates of 8-diketones (11-13). 
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acetyl-S-CoA and related thio esters. The significance of these properties 
in the interpretation of optical assays will be discussed. 
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Fig. 1. Effect of divalent ions on the absorption spectrum of acetoacetyl-S-CoA. 
These are difference absorption spectra obtained by first measuring the enolate (or 
enolate + chelate) spectrum at pH 8.1, then adding HCl (final concentration, 0.1 n) 
to obtain the non-enolate absorption spectrum. The latter is subtracted from the 
former. The difference spectrum between 260 and 280 my may be attributed in part 
to changes in absorption of the adenosine moiety of the thioester. The lowest curve 
represents the acetoacetyl-S-CoA spectrum in absence of metal. Metal indicated 
added as chloride salt, final concentration 5 X 10-°m. Acetoacetyl-S-CoA concen- 
tration, 0.68 X 10-4 m (total acetoacetic thio ester concentration, 0.76 X 10~‘ m). 
Standard optical conditions. 


EXPERIMENTAL 


Absorption Spectrum—Fig. 1 shows the difference absorption spectrum 
at pH 8.1 of acetoacetyl-S-CoA in the range 260 to 340 mu and the effect 
of various divalent metal ions (concentration, 5 X 10-* m) on it. It is 
evident that Mg**, Mn**, and Ni**, in order of increasing effectiveness, 
cause a great increase in the intensity of the enolate ion absorption as well 
as some shift in Xmax. This increase in absorption may be attributed to 
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erties | the formation of a 1:1 metal chelate* (reaction (2)) which possesses a greater 
iegree of conjugation than the chelating agent, i.e. acetoacetyl-S-CoA. 


2) M** + acetoacetyl-S-CoA~ — M-acetoacetyl-S-CoAt 
The Amax Of acetoacetyl-S-CoA and of its Mg chelate both occurred in 


he range 300 to 303 my. For the Co, Mn, and Ni chelates of acetoacetyl- 
CoA, Amex Was 306 + 2 my, 308 my, and 309 to 310 my, respectively. 
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‘icated Fic. 2. Effect of Mgt+ concentration and pH on the extinction of acetoacetyl-S- 
oncen- | 0A solutions at wave-length 310 mz. 
4). 


This small but definite shift of Amax toward the red indicates that the Co, 
Mn, and Ni chelates may differ in structure from the Mg chelate. 


In all experiments described the concentration of metal was high compared to 
ctrum fiat of chelating agent, so negligible quantities of M(AcAcCoA). were present (cf. 
effect {/4)). For example, consider the further reaction MAcAcCoAt + AcAcCoA~ = 
It is §!(AcAcCoA). where (M++)'~ 5 X 10°? m and (AcAcCoA~) ~ 107° um. ~Evenif K2 = 
ones, (M(AcAcCoA):2)/(MAcAcCoA*)(AcAcCoA~)) were approximately equal to K,’ 
= 2750), the ratio (M(AcAcCoA):s)/(MAcAcCoA~) would not exceed 2750 X 10-§ ~ 
1028. Further evidence that a 1:1 chelate is formed under the experimental condi- 
ions is given in the text. 
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These changes in absorption spectra resemble those described for metaj] ence of 
chelates of a simpler 6-diketone, acetylacetone (12, 13), which possesges} true €s1 
an ultraviolet absorption band whose Amax = 273 my in ethanol. Hoy. pantetl 
ever, in the case of the Co and Ni chelate compounds of acetylacetone there} tained 
is a more pronounced shift of Amax to the red. also 25 

Effect of Mg** Concentration on Extinction—The effect of Mgt+ eop.} 32,000 
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pantetheine solutions at wave-length 310 mug. ¢ has 
acetic 
pantetheine at \ = 310 muy is shown in Figs. 2 and 3 for a number of pH J is the 
values. It is seen that, at any given pH, the concentration of chelate in- } centr 
creases as the Mgt* concentration increases and that for a given concentra- ] porte 
tion of Mg** the extinction is greater the more alkaline the pH, as is the ] the 1 
case in the absence of Mgt. ‘| meta 
Molecular Extinction Coefficient—The molecular extinction coefficient] thio 
(e) of the Mg-acetoacetyl-S-CoA chelate was determined by measuring its |] was: 
extinction under conditions for which chelate formation may be considered], 5 
to be complete, 7.e. at very alkaline pH or at less alkaline pH in the pres- J sroti, 
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ence of a large excess of Mg**. By this method (cf. Figs. 2, 3, and 4) the 
true és10 for the Mg chelates of both acetoacetyl-S-CoA and acetoacetyl-S- 
pantetheine was found to be 25,000. It is noteworthy that the é1 ob- 
tained by this method for the enolate ion form of the two thio esters is 
also 25,000. At the Amax indicated the values of « were as follows: €30 
32,000 for acetoacetyl-S-CoA and ¢€3 ~~ 30,000 for its Mg chelate. 

Effect of pH—The effect of pH on the apparent molecular extinction 
wefficient, ¢’,4 of acetoacetyl-S-CoA and acetoacetyl-S-pantetheine in the 
absence and presence of various Mg** concentrations is presented in Fig. 
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Fic. 4. The effect of pH on the extinction of acetoacetic thio esters. Acetoacetyl- 
§-CoA, X, no metal; ©, 5.0 X 10-? m MgCl.; O, 20 X 10°? m MgCl.; @, 35 X 107° 
MgCle. Acetoacetyl-S-pantetheine, M, no metal; A, 5 X 10-*mMgCle. @, points 
common to upper four curves. 


4. In each instance ¢’ increased continuously with pH. The pH at which 
¢ has half the maximal value corresponds to the pK’ values of the aceto- 
acetic thio esters or their metal chelates. The pK’ of acetoacetyl-S-CoA 
is therefore 9.45. The value of pK’ decreases with increasing Mg** con- 
centration, a factor of biological significance. Since Lynen (1) had re- 
ported a pK’ of 8.50 for S-acetoacetyl-N-acetyl-6-mercaptoethylamine, 
the problem arose whether this difference of pK’ values was the result of 


| metal contamination or a property of the thiol moiety of the acetoacetic 


thio ester. The effect of pH on the e’ of acetoacetyl-S-pantetheine (4) 
was therefore examined (Fig. 4). At any given pH the ¢’ of acetoacetyl- 


‘¢’ is defined as log Io/I = e’cd where c is the molar concentration of total aceto- 
acetic thio ester. 
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S-pantetheine was greater than that of acetoacetyl-S-CoA and the effec 
of a given Mgt concentration on ¢’ was less, since the pK’ of acetoacety]- 
S-pantetheine, 8.85, was less than that of acetoacetyl-S-CoA and alg 
greater than that of S-acetoacetyl-N-acetyl-8-mercaptoethylamine. These 
results emphasize the influence of groups in the thiol moiety on the pk’ 
of acetoacetic thio esters. 

Calculation of Stability Constant—Let A, A~, and AM* represent the 
keto, enol, and chelate forms, respectively, of acetoacetyl-S-CoA and 4, 
the sum of the three forms. At any given pH, the dissociation constant 


TABLE I 


Effect of pH on Degree of Enolization and Chelation of Acetoacetyl-S-CoA 
Conditions as in Fig. 2. 























No metal* 5 X 10° m Mg** 
pH —_+_ K, 
Keto Enolf Keto Enol Chelate 
se Ses per cent per cent ns per cont Ha pur emt per cent . ne 
7.05 97.6 2.4 93.9 0.37 5.7 3080 
7.55 95.1 4.9 83.3 1.05 15.6 2980 
8.13 87.8 12.2 54.4 2.40 43.2 3460 
8.35 84.4 15.6 47.1 3.34 49.6 2970 
9.15 66.2 33.8 19.5 9.83 70.7 1450 
9.40 50.4 49.6 7.51 6.70 85.8 2560 
10.00 20.0 80.0 ~0 ~0 ~100.0 
10.25 12.7 87.3 
Average...... 2750 























* EF not affected by addition of potassium versenate. 
{ Calculated from the equation per cent enol = 100¢’/25,000. 


(Kz) of the reaction A = A~ + Ht is given by the equation 


_ (4-)(H*) 


@) Kun (A) 


while at any given concentration of metal (M**), the stability constant 
(K.) of the reaction A~ + M*+*+ = AM? is given by the equation 





» (AM*) 
(4) Ke= (Mm) 
Also, 
(5) (Az) = (A) + (A-) + (AM*) 


Under the experimental conditions (Mr) ~ (M+*) > (A) or (A). Since 
at Asi €am+ = €a- = 25,000, the sum ((AM+) + (A-)) can be determined 
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ty measuring the extinction (at constant pH and (M**)), applying Beer’s 
iw (log Jo/I = ecd), and solving for c. Also, (Ar) can be measured en- 
ymatically and (A) calculated from equation (6) as follows: 


‘) (A) = (Ar) — ((AM*) + (A>) 


(4-) can now be determined from equation (3), since pK’, pH, and (A) 
weknown. This then permits (AM+) to be computed, since ((AM*+) + 
4-)) is known. Finally K, can be computed. 

“Table I gives (a) the proportion of keto and enol forms of acetoacetyl- 
%0oA as a function of pH in the absence of metal and (b) the proportions 


TaBLeE II 
Effect of pH on Degree of Enolization and Chelation of Acetoacetyl-S-pantetheine 
Conditions as in Fig. 3. 














No metal* 5 X 107 m Mg** 

pH Ke 

Keto Enolt Keto Enol Chelate 

per cent per cent per cent per cent per cent 
6.85 98.0 2.0 96.2 0.86 2.91 673 
7.40 94.1 5.9 88.8 3.16 8.03 511 
8.05 82.3 17.7 70.7 11.2 18.1 345 
9.00 40.8 59.2 27.1 38.2 34.7 193 
9.40 24.8 75.2 8.2 29.0 62.8 432 

10.00 10.0 90.0 ~0 ~~ ~100.0 

10.25 6.0 94.0 

Average...... 431 























* E not affected by addition of potassium versenate. 
t Calculated from the equation per cent enol = 100e’/25,000. 


of the keto, enol, and chelate forms in the presence of 5 X 10-* m Mg**, 
computed as indicated above. It is seen that the values of K, are reason- 
ably constant and independent of pH. Table II presents analogous data 
for acetoacetyl-S-pantetheine. Here the values of K. show greater spread. 

The standard free energy (AF°) of the formation of the 1:1 Mg chelate 
aan be calculated from the equation AF° = —RT |In K,. For Mg-aceto- 
acetyl-S-CoA AF° = —4670 calories per mole, while for Mg-acetoacetyl- 
S-pantetheine AF° ~~ —3580 calories per mole. 

Stability of Metal Chelates—At alkaline pH acetoacetic thio esters are 
wstable and slowly hydrolyze according to reaction (7). 


7) Acetoacetyl-SR~ + H.0 — acetoacetate- + HSR 


The time-course of spontaneous hydrolysis of acetoacetyl-S-CoA at pH 
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8.1 is illustrated in Fig. 5. The metal chelates of acetoacetyl-S-CoA alg 


hydrolyze spontaneously, at varying rates, at alkaline pH according to 
reaction (8). 


(8) M-acetoacetyl-SR+ + H.O — M*++ + acetoacetate- + HSR 


The stability of various metal chelates at pH 8.1 and 25° is shown in Fig. 
5. The Ni chelate was the most stable, followed by the Co, Mn, and Mg 
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Fig. 5. Time-course of spontaneous hydrolysis of acetoacetyl-S-CoA and various 
metal chelates. The thio ester was added at zero time to solutions containing the 
indicated concentration of metal in 0.067 m Tris-HCl buffer, pH 8.1. Final acetoace- 
tyl-S-CoA concentration, 0.68 X 10~* m (total acetoacetic thio ester 0.76 X 10-‘m). 
Volume 1.50 ml.; temperature 25°. 
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chelates which possess similar stability. The Cu and, particularly, the 
Zn chelates were much more unstable and it was not practical to determine 
their difference spectra or Amax in the Beckman DU spectrophotometer. 
Reaction of Hg** with Acetoacetyl-S-CoA—It was found that addition 
of Hg** in concentrations higher than 10-* m to solutions of acetoacetyl- 
S-CoA (1.6 X 10-4 m) or to solutions containing its Mg chelate (0.8 X 
10~* m total thio ester) at pH 8.1 resulted instantaneously in a partial 
decrease of the extinction of these compounds. 1 to 2 x 10-! m HgCl, 
completely abolished the enolate ion absorption band of acetoacetyl-S-CoA 
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or its Mg chelate. The decrease in extinction at 310 my was proportional 
to the amount of Hg** added and it was determined that, to achieve com- 
plete “titration” of the Hs: of these compounds, just more than 1 mole of 
Hg*+ was required per mole of acetoacetyl-S-CoA. This observation sug- 
gested that the Hg chelate of acetoacetyl-S-CoA was extremely unstable 
and hydrolyzed immediately. This interpretation was supported (a) by 
the disappearance of the typical enolate ion (or chelate) absorption band 
and (b) by the fact that, after “titration” of the E310 with Hg** and addi- 
tion of potassium versenate to bind any excess Hg**, enzymatic assay for 
acetoacetyl-S-CoA with L(+)-8-hydroxybutyryl-S-CoA dehydrogenase was 
negative. Since Hg** also hydrolyzed solutions of the Mg chelate, it must 
have a greater affinity for acetoacetyl-S-CoA than Mgt"; 7.e., the stability 
constant of the Hg chelate (reaction (9)) is greater than that of the Mg 
chelate. The fact that Hg** does not act catalytically in hydrolyzing 
acetoacetyl-S-CoA and other acetoacetic thio esters can be explained by 
the binding of Hg** by the liberated thiol according to the following reac- 
tion sequence: 


9) Hg** + acetoacetyl-SR~ — Hg-acetoacetyl-SRt 
(10) Hg-acetoacetyl-SR* + H.O — Hg** + acetoacetate” + HSR 
11) Hg*+ + HSR + 2Cl = HgSR* + HCl + Cl- 


Hg*+ also hydrolyzed the Ni, Mn, and Co chelates of acetoacetyl-S-CoA. 


DISCUSSION 


The experiments presented above permit the conclusion that a 1:1 
chelate is formed between acetoacetic thio esters of CoA or pantetheine 
and certain divalent ions. Possibly an “internal” chelate is formed in 
which the ligand groups are the enol and carbonyl oxygen atoms of the 
acyl moiety and the carbonyl oxygen atoms (or possibly nitrogen atoms) 
of the two peptide bonds, as follows: 


CH; H 
HOCH,—C—CHOH—C—N—CH.—CH.—C=NH 
| \ nis’ 
CH; O O CH: 
eer 
Mg 
’ tie.” 
O O CH: 
| | | 
CH;—C=CH—C——_S8 


This structure of the chelate would differ drastically from that of the enol 
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form and would not be possible with S-acetoacetyl-N-acetyl-8-mercapto- 
ethylamine. 

Optical tests of enzymatic reactions of acetoacetyl-S-CoA or acetoacetyl- 
S-pantetheine measure the change in concentration of the enol form or 
(if a particular divalent metal ion is present) of the sum of the enol and 
chelate forms. The possibility exists that the keto form may be the ac. 
tual substrate, in which case one is measuring not the enzymatic reaction 
but the resultant and instantaneous chemical change in the equilibrium 
concentration of the enol (+ chelate) form. Since none of the enzymes 
concerned, dehydrogenase, thiolase, and CoA transferase (acetoacetyl- 
succinic thiophorase®), requires Mg** or other divalent ion, the chelate js 
not an obligatory substrate. Although the problem of distinguishing be- 


TaBLeE III 
Apparent Equilibrium Constant K’ of CoA Transferase Reaction Succinyl-S-CoA + 
Acetoacetate — Acetoacetyl-S-CoA + Succinate 
Recalculated from data of Stern et al. (15), assuming that only the keto form of 


acetoacetyl-S-CoA is a substrate of CoA transferase. Concentration of keto form 
calculated by method given in the text. 











K’ X 108 
pH 
No metal 5 X 10°? m Mg** 
7.00 2.8 4.6 
7.50 4.0 4.9 
8.10 3.9 4.8 
9.20 5.5 3.0 











tween keto and enol substrates invites solution by isotope experiments, 
some experiments already reported (15) with CoA transferase are of in- 
terest in this regard. The apparent equilibrium constant (K’) of reaction 
(12) was found to increase continuously over the range pH 7.0 to 9.2 when 


(12) Succinyl-S-CoA~ + acetoacetate” — acetoacetyl-S-CoA- + succinate + H* 


determined in the presence or absence of Mg**, and a plot of log K’ versus 
pH suggested that the total concentration of reactants did not approxi- 
mate the active concentrations. However, if one recalculates K’ on the 
assumption that only the keto form participates in the equilibrium, then, 
as shown in Table III, the values of K’ are reasonably constant and inde- 
pendent of pH. This indicates that the keto form of acetoacetyl-S-CoA 


5 This name has been proposed by a Committee on Nomenclature, 2nd Interna- 
tional Conference on Biochemical Problems of Lipides, Ghent, Belgium, July, 1955. 
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may be the substrate of CoA transferase. Consistent with this hypothe- 
sis was the further observation that the inhibition by Mg** of the rate of 
CoA transferase activity increased with pH and paralleled the suppression 
of the keto concentration through increasing chelation (Table I). How- 
ever, this effect could also be explained by assuming that the chelate, 
though not a substrate, had some affinity for the enzyme. 

These experiments emphasize the importance of the metallic environ- 
ment in measuring by optical or other means transformations of aceto- 
acetic thio esters. It is essential to eliminate Hg**, Zn**, and Cut+* ions 
from the reaction. The Ni, Mn, and Mg chelates, being the most stable, 
are best suited to increasing the sensitivity of optical measurements. The 
rapid hydrolysis of acetoacetic thio esters and their chelates by Hg** sug- 
gests that this reaction may play a significant réle in some toxic and in- 
hibitory cellular actions of Hg** previously explained solely on the basis 
of mercaptide formation with essential thiol groups of coenzymes or en- 
zymes. 


Methods 


Acetoacetyl-S-CoA was made by reacting diketene with CoA (Pabst) 
at pH 6.0 (1). The resultant thio ester solution contained at least 80 per 
ent acetoacetyl-S-CoA and not more than 10 per cent acetoacetyl-S- 
glutathione. The total acetoacetic thio ester content was calculated from 
its extinction at 4 = 310 my in 0.067 m Tris-HCl buffer, pH 8.1 and 5 x 
0? m MgCle, with e0 = 11,400 (cf. Fig. 1). Acetoacetyl-S-CoA was 
determined quantitatively at pH 6.6 by measuring DPNH oxidation in 
the presence of partially purified heart L(+-)-8-hydroxybutyryl-S-CoA de- 
hydrogenase (10) (6-hydroxybutyryl dehydrogenase®). Acetoacetyl-S- 
pantetheine was made by reacting diketene and pantetheine. Pantethine 
was kindly supplied by Dr. O. D. Bird of Parke, Davis and Company, 
Detroit. It was essentially pure by analysis and had a microbiological 
potency of 23,800 LBF units per mg. Pantethine solutions were reduced 
as follows: For each ml. of 0.02 m pantethine 4 mg. of sodium borohydride 
were added and the solution was kept for 40 minutes at room temperature, 
when maximal reduction occurred. The yield of pantetheine was 65 per 
cent of theoretical. The solution was acidified to destroy excess boro- 
hydride, then brought to pH 6.0 with m potassium bicarbonate. Aceto- 
acetyl-S-pantetheine was determined enzymatically with heart dehydro- 
genase (4, 5). Acetoacetic thio esters are quite stable at acid pH. Their 
solutions can be stored at pH 6 or less and —15° for several months. All 
measurements were made at 25° in a Beckman DU spectrophotometer with 
wave-length calibration, silica cells of light path 0.5 cm. and a total volume 
of 1.50 ml. of solution being employed. 
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SUMMARY 


1. The effect of H* ion concentration and of metals on the absorption 
spectrum, extinction, and stability of acetoacetyl-S-CoA and acetoacetyl- 
S-pantetheine is described. 

2. Acetoacetic thio esters are chelating agents and form metal chelates 
with Mg*+*, Mn*, Co*+, Nit*, Cut, Zn*, and Hg*. 

3. The dissociation constants of acetoacetyl-S-CoA and acetoacetyl-S- 
pantetheine and the stability constants of their Mg chelates have been 
determined by optical methods. The molecular extinction coefficients of 
the enol and Mg chelate forms have also been determined. 

4. The hydrolysis of acetoacetyl-S-CoA and its metal chelates by Hg+ 
is described and its mechanism is discussed. 


5. The significance of these optical properties in the interpretation of 
optical methods of enzyme assay is discussed. 


The author is grateful to Dr. I. M. Klotz for valuable suggestions con- 
cerning the section on calculations. 
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THE EFFECT OF GUANOSINE DIPHOSPHATE AND 
TRIPHOSPHATE ON THE INCORPORATION OF 
LABELED AMINO ACIDS INTO PROTEINS* 


By ELIZABETH B. KELLER anp PAUL C. ZAMECNIK 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University at the Massachusetts General Hospital, 
Boston, Massachusetts) 


(Received for publication, October 17, 1955) 


We have previously described an enzyme system from rat liver which 
catalyzes the incorporation of labeled amino acids into proteins under ana- 
erobic conditions (2, 3). This system consists of two liver cell fractions, 
the soluble cell fraction and the microsomes, to which are added a labeled 
amino acid, adenosine triphosphate,! and an ATP-generating system, such 
as phosphocreatine and creatine kinase. The microsome fraction contains 
ribonucleoprotein particles which appear to be the site of formation of the 
labeled proteins (4). The soluble cell fraction contains enzymes which cat- 
alyze the carboxy] activation of specific amino acids by ATP (5, 6). 

Before attempting to separate the enzymes of the soluble cell fraction 
which are essential for the formation of labeled proteins, it was important 
to investigate the cofactor requirements of the system further. By a puri- 
fication of the two liver cell fractions, it has now been found that guanosine 
di- or triphosphate is required in addition to ATP. 

The requirement for ATP had been demonstrated in a system containing 
microsomes and a dialyzed soluble cell fraction (2). The addition of ATP 
to this partially dialyzed system restored the incorporation to the level in 
the crude system, but the possibility remained that the partially dialyzed 
system contained adequate amounts of other cofactors essential for amino 
acid incorporation. Of the various known cofactors which were added 
along with ATP, guanosine diphosphate was found to give a small increase 
in the labeling of the proteins. Our interest in testing GDP arose from the 
finding of Sanadi et al. (7) that it is the cofactor in the phosphorylation of 
ADP coupled to the breakdown of succinyl coenzyme A. To determine 


* Supported by grants-in-aid from the American Cancer Society and the Atomic 
Energy Commission. This is publication No. 867 of the Cancer Commission of 
Harvard University. A preliminary report of this investigation has been published 
(1). 

! The following abbreviations have been used: ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; AMP, adenosine-5’-phosphate; GTP, guanosine triphos- 
phate; GDP, guanosine diphosphate; GMP, guanosine-5’-phosphate; PEP, phos- 
phoenolpyruvate. 
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whether GDP was indeed a cofactor in the formation of labeled proteins 
in the liver system, it was necessary to find a way to prepare microsomes 
and soluble cell proteins more nearly free of low molecular weight sub- 
stances, including GDP. This was accomplished by sedimentation of the 
microsomes from a dilute extract and precipitation of the active proteins 
in the soluble cell fraction at pH 5.2. The mixture of proteins which pre- 
cipitate at this pH from the soluble cell fraction will be referred to as the 
“pH 5 enzymes.” 

When the pH 5 enzymes were combined with microsomes from a dilute 
extract plus ATP and an ATP-generating system, there was only a slight 
incorporation of the labeled amino acid into proteins, but the addition of 
GDP or guanosine triphosphate restored the activity to the level in the 
crude system. 

This paper describes the method of preparation and some characteristics, 
especially the nucleotide requirement, of the pH 5 enzymes-microsome sys- 
tem for the formation of labeled proteins. 


Materials and Methods 


Materials—-Leucine-1-C™, t-isoleucine-1-C™, L-valine-1-C™, glycine-1- 
C"", pt-alanine-1-C™, and pi-phenylalanine-1-C“ were prepared by Dr. 
Robert B. Loftfield (8, 9) from BaC“O; obtained from the Oak Ridge 
National Laboratory on allocation from the Atomic Energy Commission. 
The t-leucine-C™ had a specific activity of approximately 3 mc. per mmole, 
and the others ranged from 1 to 4.5 me. per mmole. 

We are very much indebted to Dr. D. R. Sanadi for providing GDP and 
GTP before these became commercially available. Dr. Sanadi also con- 
tributed the GDP phosphorylation enzyme and an acetone powder of beef 
heart mitochondria for the preparation of nucleoside diphosphate kinase by 
a method which he kindly described for us in advance of publication (10). 

Pyruvate kinase was kindly supplied by Dr. J. D. Gregory, and a Strep- 
tococcus faecalis R extract containing carbamate kinase by Dr. M. E. 
Jones (11). Creatine kinase was prepared by the method of Kuby et al. 
(12). All enzymes were dialyzed free of ammonium ions before use. 

We are indebted to Dr. E. Cabib and Dr. L. F. Leloir for a gift of gua- 
nosine diphosphate mannose (13), to Dr. J. D. Gregory for inosine diphos- 
phate and xanthosine diphosphate, and to Dr. W. E. Cohn and Dr. D. M. 
Brown for samples of guanosine-5’-phosphate. GDP, GTP, crystalline 
disodium ATP, and inosine-5’-phosphate and triphosphate were obtained 
from the Sigma Chemical Company, guanosine-3’-phosphate from the 
Schwarz Laboratories, and cytidine and uridine nucleotides from the Pabst 
Laboratories, partly as gifts from Dr. 8. A. Morell. Nucleotides which 
were active in incorporation were analyzed by determining the absorption 
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teins spectrum in the region 220 to 320 my with a Cary recording spectropho- 
somes | tometer. Paper electrophoresis at pH 3.8 showed the presence of a small 
; Sub- | amount of GMP in the Sigma GDP, and of GDP in the Sigma GTP prep- 
of the | grations used. All solutions of nucleoside di- and triphosphates were 
oteins | made up with 1 mole of MgCl; added per mole of nucleotide, so that addi- 
1 pre- tion of these solutions would not lower the magnesium ion concentration 
us the J of the incubation mixture. All the solutions used in the incubation mix- 
ture were adjusted to approximately pH 7.4, by using KOH to neutralize 
dilute ] the acids. 

slight Carbamyl] phosphate, dilithium salt, was the gift of Dr. L. Spector (11). 
ion of # succinyl coenzyme A was prepared by the method of Simon and Shemin 
n the (14). Phosphocreatine, sodium salt, was obtained from the Sigma Chemi- 
eal Company, and phosphoenolpyruvate, from the California Foundation 
istics, for Biochemical Research, as the silver barium salt which was converted 
€ Sys- | to the potassium salt. 

Preparation of Microsomes and pH 5 Enzymes—Approximately 18 gm. 
of rat liver were homogenized, 3.5 gm. at a time, with 2.3 volumes of buf- 
fered medium under conditions described previously (2), except that the 
ine-]- medium contained 0.35 m sucrose, 0.035 m KHCOs, 0.004 m MgCle, and 
y Dr. 0,025 m KC] (Medium A). The homogenate was centrifuged at 15,000 X 
Ridge for 10 minutes at 0°. The supernatant fluid containing the microsomes 
ssion. and the soluble cell fraction was removed and diluted with 3 volumes of 
mole, an unbuffered medium containing 0.90 m sucrose, 0.004 m MgCl, and 0.025 
u KC] (Medium B). The diluted extract was centrifuged at 105,000 x g 
P and (Raverage) for 1 hour at 0-3° in a Spinco preparative ultracentrifuge. The 
) Con- clear supernatant fluid containing the soluble cell fraction was pipetted out 
f beef for the preparation of the pH 5 enzymes. The last of the fluid was sucked 
se by off and discarded, and the inner walls of the centrifuge tubes were carefully 
| (10). wiped dry with filter paper before the microsome pellets were transferred 
Strep- toa homogenizer tube. The combined pellets were homogenized with Me- 
M. E. dium A to give a suspension containing about 20 mg. of protein per ml. 

et al. Microsomes prepared in this way have a very low content of acid-soluble 
. nucleotides, as estimated by the ultraviolet absorption at 257 my of extracts 
f gua- made with ice-cold 0.3 n HClO,. The dilution before centrifugation re- 
iphos- duces the contamination by the soluble cell fraction, which has a high con- 
D. M. centration of acid-soluble nucleotides. 

‘alline To prepare the pH 5 enzymes, the supernatant fluid from the centrifuga- 
pained tion at 105,000 X g was diluted with an equal volume of Medium B at 0° 


n the and the pH carefully adjusted to 5.2 by adding n acetic acid slowly with 
Pabst constant stirring. The solution was kept at 0° during this procedure. (A 
which dilute mineral acid such as 0.1 N HCl can be used here, but the yield of 
rption 


pH 5 enzymes is lower, and some denatured proteins are precipitated along 
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with the active proteins.) The precipitate was collected by centrifugation 
at 0°, and washed once by suspension in Medium B, followed by centrify- 
gation. The protein pellets were then dissolved in Medium A to give g 
solution of the pH 5 enzymes containing about 8 mg. of protein per ml, 
The pH 5 enzymes retain activity for several weeks at —10°. 
Incorporation Experiments with pH 5 Enzymes-Microsome System—For 
incorporation of leucine-C™ into proteins, the incubation mixture contained, 
in a final volume of 1.0 ml., 0.3 ml. of microsome suspension (about 6 mg. 
of protein), 0.2 ml. of pH 5 enzymes solution (about 1.5 mg. of protein), 
0.1 umole of L-leucine-C™ (82,000 c.p.m.), 10 wmoles of PEP, 0.02 mg. of 
pyruvate kinase, 1.0 ymole of ATP, and 0.25 wymole of GDP or GTP. The 


TaBLeE I 
Requirements for Formation of Labeled Protein in pH 5 Enzymes-Microsome System 








C.p.m. per mg. protein 
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The complete system contained microsomes, pH 5 enzymes, 0.03 mg. of pyruvate 
kinase, 0.1 umole of L-leucine-C" (82,000 c.p.m.), 10 zmoles of PEP, 0.5 umole of ATP, 
and 0.25 umole of GDP in a final volume of 1.0 ml.; incubation, 10 minutes at 37°, 
The final volume of all the flasks was brought to 1.0 ml. by the addition of 0.15 » 
KCl. 

* Added after the incubation to give the same amount of protein, 11.5 mg., in all 
the flasks for the C™ assay. 





mixture was incubated under 5 per cent CO2—95 per cent N2 for 10 minutes 
at 37°. 

After the incubation the protein was precipitated, washed, and assayed 
for C“ with a thin window Geiger-Miiller tube (counting efficiency about 
12 per cent) and scaler, essentially as described previously (15). 


Results 


Conditions for Incorporation in pH 5 Enzymes-Microsome System—In 
Table I is found the effect on the incorporation of leucine-C™ into proteins 
caused by the omission of any one of the above constituents from the 
incubation mixture. There is no incorporation in the absence of micro- 
somes. In the absence of pH 5 enzymes there is a low level of activity. 
This may result from residual contamination of the microsomes with the 
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pH 5enzymes. The optimal amount of pH 5 enzymes protein was shown 
in other experiments to be about one-fourth that of the microsome protein. 
The pH 5 enzymes appear to be approximately four times as active as the 
whole soluble cell protein. 

Either GDP or GTP is essential for the formation of labeled proteins in 
addition to ATP and a system for the generation of ATP. GDP was used 
in most experiments because it became available earlier. On the addition 
of GDP to give the “‘complete system” (Table I), the labeling of the pro- 
teins is as high as that obtained previously in the crude system (2). The 
concentration of GDP required for maximal labeling of proteins is shown 
in Fig. 1 to be approximately 0.15 umole per ml. We have found in the 





PROTEIN 
8 


CPM/MG 
3 











fe) Ol 0.2 
GOP yMOLES/ML 
Fic. 1. The effect of GDP concentration on the formation of labeled proteins. 
Each flask contained microsomes (5.7 mg. of protein), pH 5 enzymes (3.3 mg. of pro- 
tein), 0.1 umole of L-leucine-C™ (82,000 c.p.m.), 10 umoles of PEP, 0.02 mg. of pyru- 
vate kinase, 0.5 umole of ATP, 0.4 mg. of nucleoside diphosphate kinase preparation, 
ina final volume of 1.0 ml. Incubation, 10 minutes at 37°. 


pH 5 enzymes some nucleosidediphosphatase (16) which hydrolyzes GDP 
to guanosine-5’-phosphate. The amount of GDP required for maximal in- 
corporation would probably be lower in the absence of this enzyme. 

With leucine-C™, the protein labeling in the absence of added GDP has 
usually been from 5 to 15 per cent of that in the presence of GDP. Since 
the amount of GDP required is small, it seems reasonable to suppose that 
the low incorporation in the absence of added GDP is due to residual GDP 
and GTP in the microsomes and pH 5 enzymes. It has been shown by 
Schmitz et al. (17) that there is a considerable amount of GDP and GTP 
in rat liver, 

For the formation of labeled proteins it is not enough to supply GTP, or 
GDP and a system for the generation of GTP from GDP; ATP and an 
ATP-generating system are required in addition. GTP in concentrations 
up to 3 umoles per ml. has been found to be entirely inactive when tested 
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with microsomes, pH 5 enzymes, and leucine-C. There is no formation 
of labeled protein in the complete system minus ATP (Table I), though 
GDP, PEP, and pyruvate kinase are present. Pyruvate kinase can cata. 
lyze the transfer of phosphate from PEP to GDP to form GTP (18). There 
was no formation of labeled protein in another experiment when GDP, 
succinyl coenzyme A (10 ywmoles per ml.), inorganic phosphate, and the 
GDP phosphorylation enzyme (7, 10) were added for the generation of 
GTP. These results all point to a requirement for ATP in addition to 
GDP or GTP. 

The amount of ATP required is considerably greater than the amount 
of GDP required; maximal labeling of protein is obtained with 1.0 umole 
of ATP per ml. (Fig. 2). 
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Fic. 2. The effect on formation of labeled proteins of increasing ATP concentra- 
tion with and without added GDP. Each flask contained microsomes, pH 5 enzymes, 
0.1 umole of L-leucine-C™ (82,000 c.p.m.), 10 umoles of PEP, 0.02 mg. of pyruvate 
kinase, in a final volume of 1.0 ml. Incubation, 10 minutes at 37°. 


Several different systems for the generation of ATP, including the re- 
cently discovered carbamyl] phosphate-carbamate kinase system (11), have 
been tested in the amino acid incorporation system. In each case GDP 
is required for active incorporation (Table II). ATP is also required with 
each of these systems. 

Incorporation of Six Labeled Amino Acids—In all the experiments de- 
scribed up to this point, t-leucine-C“ was used. Other C™-amino acids 
have been tested, and they are all actively incorporated into proteins in 
the present system when GDP is added (Table III). Because the specific 
activity of the six C'-amino acids used here varied widely, the results in 
Table III have been given in millimicromoles of C™-amino acid incorpo- 
rated per gm. of protein during the 10 minute incubation. The labeling 
of proteins with these six amino acids in the absence of GDP is 3 to 15 
per cent of that in the presence of GDP. For comparison with the present 
pH 5 enzymes-microsome system, the incorporation of five of the labeled 
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amino acids into proteins in the unfractionated system previously described 
(2) is also given in Table III. 


TaBLeE II 
GDP in Formation of Labeled Proteins with Different ATP-Generating Systems 
The | vi alues are given in counts per minute per mg. of protein. 








z : Guanosine 
pod omy pny 
Phosphoenolpyruvate, 10 ywmoles, pyruvate kinase, 
Rn or Se eee pe ee aOR aey eM eet 13 172 
Phosphocreatine, 20 wmoles, creatine kinase, 0.01 
NN cia TEESE D6 aie sess bsg ekep ae hee eINoN Aeee 10 154 
Carbamyl phosphate, 12 uwmoles, S. faecalis R ex- 
ie le, A My ee Uae ft: Sy A RE 22 114 











Each flask contained microsomes (4.8 mg. of protein), pH 5 enzymes (3.7 mg. of 
protein), 0.5 umole of ATP, and 0.1 wmole of L-leucine-C™ (82,000 c.p.m.) in a final 
yolume of 1.0 ml.; incubation, 10 minutes at 37°. 

*A crude S. faecalis R extract containing carbamate kinase (11). It had been 
treated with Dowex 1 X 10 chloride to remove nucleotides. 


TaB_eE III 
Effect of GDP on Labeling of Proteins with Six C'4-Amino Acids 
The values are given in millimicromoles incorporated per gm. of protein. 








pH 5 enzymes- 
Unf : = microsome system 
“14. Ami : nfractionat 
C4-Amino acid system 





I 0.25 umole 
No GDP | “of GDP 

















| pmole per ml. 
Tete peters ae 0.10 25 7 67 
RF Oe 0.25 10 79 
A a ere 0.10 88 3 90 
SN ol ie bees ican consi 0.10 107 11 184 
NS SRE ‘eh 0.10 104 7 85 
pi-Phenylalanine............. 0.25 50 7 46 





Unfractionated system: 0.7 ml. of supernatant fluid from centrifugation of homog- 
enate at 15,000 X g (16 mg. of protein), 20 wmoles of phosphocreatine, in a final 
volume of 1.0 ml. pH 5 enzymes-microsome system: microsomes (3.7 mg. of pro- 
tein), pH 5 enzymes (1.7 mg. of protein), 0.01 mg. of creatine kinase, 20 wmoles of 
phosphocreatine, 1.0 umole of ATP, in a final volume of 1.0 ml.; incubation, 10 min- 
utes at 37°. 


Specificity of Guanosine Nucleotide Effect—GTP and GDP are equally 
active in stimulating the formation of labeled protein (Table IV). This 
raises the question as to which is the active compound in this system. We 
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have found that there is in the pH 5 enzymes some nucleoside diphosphate 
kinase (7, 10) which catalyzes the following reaction: GDP + ATP = 
GTP + ADP. Thus both GDP and GTP would be present when either 
is added, but GTP would probably predominate, since there is a system 
for regeneration of ATP from ADP in the incubation mixture. In addition 
to this, when the PEP-pyruvate kinase system is used, the phosphate of 
PEP can be transferred directly to GDP to form GTP (18). If GTP is 
the active compound in the formation of labeled protein, then it is gener- 








TaBLe IV 
Specificity of GDP and GTP in Formation of Labeled Proteins 
Non-adenine nucleotides (0.25 umole of each) | C.p.m. per mg. protein 
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Each flask contained microsomes (5.0 mg. of protein), pH 5 enzymes (1.5 mg. of 
protein), 0.02 mg. of pyruvate kinase, 10 umoles of PEP, 0.5 umole of ATP, 0.1 umole 
of t-leucine-C' (82,000 c.p.m.), in a final volume of 1.0 ml.; incubation, 10 minutes 
at 37°. 


* The net effect of inosine triphosphate is 15 c.p.m. per mg. of protein after sub- 
tracting the control value of 17. 


ated at a sufficient rate by these reactions, since the addition of a nucleo- 
side diphosphate kinase preparation to a complete system does not stim- 
ulate the incorporation. It has also been found that the nucleoside 
diphosphate kinase preparation cannot replace the pH 5 enzymes in the 
complete system. 

Inosine diphosphate and triphosphate show some activity, but only about 
one-tenth that of GDP or GTP at the concentration tested (Table IV). 
This is interesting, since, in the case of the GDP phosphorylation enzyme, 
inosine diphosphate has about one-half the activity of GDP (7), and, in 
the case of oxalacetic carboxylase, inosine diphosphate has up to two-thirds 
the activity of GDP (19). 
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The pyrimidine nucleotides tested, cytidine and uridine mono-, di-, and 
iphosphates, are completely inactive (Table IV). When all the nucleo- 
jde triphosphates are combined, the labeling of the protein is no greater 
than with ATP plus GTP (Table IV). 

Guanosine-5’-phosphate gives a small but definite stimulation of protein 
ybeling (Table V). This could be due to conversion to GDP by a nucleo- 
jde monophosphate kinase (20). Guanosine diphosphate mannose (13), 
guanosine-3’-phosphate, and xanthosine diphosphate areall inactive (Table 
V). 

lates of Concentration of C'-Amino Acids—In the earlier work on the 
fractionated system it was found that, with increasing amounts of a C™- 


TABLE V 
Relative Activity of Compounds Related to GTP in Formation of Labeled Proteins 
The values are given in counts per minute per mg. of protein. 

















x . Adenosine 
Non-adenine nucleotides (0.15 umole) | yb wr won | ae 
RE Fes LAT ee ane: fel re, 2 | 18 
Guanosine triphosphate. . . , pais tose ae 4 144 
Guanosine-5’-phosphate...................... 1 60 
Guanosine-3’-phosphate........................0:. | 2 13 
Guanosine diphosphate mannose . ah Coen 3 19 
Xanthosine diphosphate’... . 4 27 


— 
Each flask contained microsomes (4.4 mg. of protein), pH 5 enzymes (1.2 mg. of 
protein), 0.02 mg. of pyruvate kinase, 10 uymoles of PEP, 0.2 umole of t-leucine-C™ 
164,000 c.p.m.), in a final volume of 1.0 ml.; incubation, 10 minutes at 37°. 
* The very low activity could be due to a trace of GDP, since it was prepared from 
GDP by treatment with HNO». 








amino acid, a saturation concentration was reached above which there was 
10 further increase in the labeling of the proteins (2). The specific activity 
df small amounts of a C'*-amino acid would be reduced by the endogenous 
amino acid of the tissue extract. This effect becomes insignificant when 
rlatively large amounts of the C'-amino acid are used. In the unfrac- 
tionated system the saturation concentration of labeled alanine was very 
high, 2.5 wmoles of pi-alanine-C™“ per ml., and the concentration of free 
ilanine is known to be high in liver (21). In the pH 5 enzymes-microsome 
system the amount of endogenous amino acids has been reduced, and the 
saturation level of alanine is also reduced to 0.25 umole of pi-alanine-C™“ 
prml. The leucine saturation level is nearly the same in the two systems, 
about 0.10 umole of L-leucine-C™“ per ml. The valine saturation level is 
low in the present system, 0.02 umole of L-valine-C™ per ml. (Fig. 3). 
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So far it has not been possible to stimulate the incorporation of a labeled 
amino acid by the addition of all the other commonly occurring amino 
acids. When, in addition to the C-amino acid, an equimolar mixture o 
the remaining seventeen L-amino acids is added at 0.01 to 0.25 umole of 
each per ml., there is no stimulation of the incorporation of the C'-amino 
acid. Neither is there stimulation by the further addition of glutamine 
and asparagine to give a total of twenty amino acids. It is possible that 
this lack of stimulation on adding amino acids is due to residual small 
amounts of endogenous amino acids in the liver cell fractions. It has been 
shown that the incorporation in this cell-free liver system is not a reversible 
process even when only a single amino acid, 7.e. the labeled one, is added 
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fe) Ol 02 
L-VALINE-c'* yMOLES/ML 
Fig. 3. The effect of t-valine-C concentration on the labeling of proteins. Each 
flask contained microsomes (4.5 mg. of protein), pH 5 enzymes (1.0 mg. of protein), 
10 umoles of PEP, 0.02 mg. of pyruvate kinase, 0.5 umole of ATP, 0.15 zmole of GDP, 
and 0.4 mg. of nucleoside diphosphate kinase preparation, in a final volume of 1.0 


ml. Incubation 10 minutes at 37°. The valine-C™ had a specific activity of 5.9 X 
105 c¢.p.m. per umole. 


(4). This is in contrast to the reversible incorporation of certain labeled 
amino acids in the disrupted staphylococcal system in the absence of other 
added amino acids (22). 

Partial Hydrolysis of Labeled Protein to Give Labeled Peptides—In the ear- 
lier experiments (2, 23) microsome protein labeled with leucine-C™ was 
hydrolyzed with 2 n HCl at 100° for different lengths of time, and the 
partial hydrolysates were analyzed by starch column chromatography (24). 
The specific radioactivity of the leucine released during the course of the 
hydrolysis was found to be nearly constant. On complete hydrolysis, 95 
per cent or more of the C™ in the protein was recovered as leucine-C™. In 
addition, the starch column chromatograms of the partial hydrolysates 
showed a large number of radioactive peptide-like peaks, and one C™-pep- 
tide was tentatively identified as containing leucine and valine (2). This 
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was taken as an indication of the formation of a-peptide bonds in the in- 
grporation of leucine-C™ into proteins. 

It seemed desirable to repeat this type of analysis on the C'*-protein ob- 
tained in the pH 5 enzymes-microsome system. A large scale incorporation 
experiment was run with an incubation mixture like the complete system 
in Table I, except that the specific activity of the L-leucine-C™ was five 
times as high. This gave 218 mg. of protein, with 1224 ¢c.p.m. per mg. 
This protein was hydrolyzed for 5 days at 50° in 12 n HCl in order to avoid 
the rearrangement of peptides which occurs in dilute acid at 100° (25). 
About one-third of the leucine-C™ of the protein was released. The starch 
wlumn chromatogram of this partial hydrolysate again showed a number 

















TaBLe VI 
Chromatogram of Partial Hydrolysate of Protein Labeled with Leucine-C'* 
Effluent volume at Per cent of 
peak total C4 
| ml. 
large peptides containing leucine-C™......... 52 14 
Small peptides of leucine-C"‘, isoleucine, and valine. | 162 20 
ea Che ae lads steut mal eebs nahdsiee | 194 35 
Unknown peptides cont alsing leucine-C™,......... 217 8 
x ty OL eee oncay | 280 11 
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The leucine-C'4-labeled protein was prepared and hydrolyzed as described in the 
text. After removal of the HCl, the sample was put on a starch column (80 gm. of 
whydrous starch, 2.2 cm. diameter) and eluted with n-butanol-15 per cent water 
4). 


of peaks of radioactivity and ninhydrin-reacting material at points where 
none of the known amino acids appear. The amount of C™ in these peaks 
and in the leucine peak is presented in Table VI. The first broad irregular 
peak which begins with the solvent front is apparently a mixture of large 
peptides (26). The second peak was resolved on a Dowex 50 column (27) 
into two radioactive peaks in addition to some leucine-C™. The larger of 
the two peaks was hydrolyzed and analyzed for amino acids by paper chro- 
matography. It was found to be a peptide or peptides containing isoleu- 
tine and valine in addition to leucine-C™. This is consistent with the ob- 
ervations that peptides containing valine and isoleucine are resistant to 
hydrolysis (28, 29). 

In a control experiment, leucine-C' was added to some non-radioactive 
microsome protein which was then partially hydrolyzed with 12 n HCl as 
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above. The starch column chromatogram of the partial hydrolysate 
showed the same peaks of ninhydrin-reacting material, but there was no 
radioactivity, except of course in the leucine peak. 

These results along with the previous ones provide evidence that the 
incorporation of leucine-C™ occurs by a-peptide bond formation and there. 
fore that the reactions studied here could be steps in the normal process 
of protein synthesis. 


DISCUSSION 


The formation of labeled protein in this cell-free liver system appears to 
involve two main steps, the first being the carboxy] activation of amino 
acids catalyzed by soluble enzymes (5, 6) and the second the condensation 
of the carboxyl-activated amino acids to form polypeptide chains in the 
ribonucleoprotein particles of the microsomes (4). With regard to this sec. 
ond step, it was found that, after incorporation of labeled amino acids in 
this cell-free liver system, the ribonucleoprotein particles contained a large 
part of the total labeled protein. The same was found for the incorpora- 
tion in rat liver in vivo at the earliest practical time intervals, that is 2 to 
3 minutes after the intravenous injection of a labeled amino acid. Because 
of the similarity in distribution of labeled protein in these two cases, it was 
suggested that the incorporation in the cell-free system may represent the 
early stage in the process of protein synthesis as it occurs in the intact cell. 

The first step in the formation of labeled protein appears to be the car- 
boxyl activation of amino acids, as was first proposed by Lipmann (30). 
The soluble fraction of liver, which is essential for incorporation of labeled 
amino acids into proteins, contains enzymes which catalyze the activation 
of specific amino acids by the following type of mechanism (5): enzyme + 
ATP + .-leucine = enzyme(L-leucyl ~ AMP) + pyrophosphate. These 
activating enzymes are concentrated in the pH 5 enzymes (6) which are 
found in the present paper to be essential for incorporation. Other evi- 
dence that amino acid-activating enzymes are involved in the formation of 
labeled proteins has also been reported (6). The loss of amino acid-aeti- 
vating activity in preparations of pH 5 enzymes stored at —10° parallels 
loss of activity for incorporation as far as this has been tested. When in- 
creasing concentrations of hydroxylamine are added to the activating sys- 
tem, the yield of aminohydroxamic acid increases to a maximum at 1.2 M 
hydroxylamine. Increasing concentrations of hydroxylamine added to 
the incorporation system cause a roughly parallel inhibition of the incor- 
poration of leucine-C“ into protein. Thus all the evidence obtained so 
far points to activation of the C- amino acid by the soluble enzymes as 
a step in incorporation. Work is in progress to obtain more direct evi- 
dence by fractionating the pH 5 enzymes and testing the fractions in the 
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incorporation system described in this paper. These experiments will 
also inquire as to whether other soluble enzymes are necessary for incor- 
poration. 

So far there is no direct evidence on the mechanism of action of GDP or 
GTP in the formation of labeled proteins. It appears that ATP, and not 
GTP, is involved in carboxy] activation of amino acids (6). A possible 
rélefor GDP or GTP is suggested by the fact that the amino acyl ~ AMP 
js not released from the activating enzyme (5, 6). GDP or GTP might 
serve as an acceptor for the amino acyl group from the enzyme(amino 
acyl ~ AMP) and then asa donor of the amino acyl group in the elongation 
of the polypeptide chain in the ribonucleoprotein particles of the micro- 
somes. The preparation of various amino acyl] derivatives of GDP and 
GTP would make possible a test of this hypothesis. 

Another possibility is that GDP or GTP may participate in the forma- 
tion of a complex guanosine-containing nucleotide analogous to those de- 
sribed by Cabib and Leloir (13) and Binkley et al. (31) and that the com- 
plex nucleotide would be the actual cofactor in the incorporation reaction. 
It is of interest that the nucleotides isolated by Binkley et al. contain pep- 
tides and have peptidase activity. Binkley has proposed that they may 
be involved in protein synthesis (32). 

It is perhaps desirable to emphasize the difference between the effect 
of GDP or GTP reported here and the nucleotide effects described by Gale 
and Folkes (33). GDP or GTP in the liver system increases the incor- 
poration of all six labeled amino acids so far tested about 10-fold. This 
incorporation is primarily into the ribonucleoprotein particles of the micro- 
some fraction (4). There is no incorporation if the ribonucleic acid-con- 
taining microsomes are omitted, and it appears that the ribonucleic acid 
must be intact, since ribonuclease at low concentrations abolishes the in- 
corporation (2). Thus, in the liver system, the effect of GDP or GTP 
requires the presence of the ribonucleic acid. In disrupted staphylococci, 
on the other hand, Gale and Folkes report that the incorporation of a given 
amino acid into protein is stimulated by a particular fraction from ribonu- 
clic acid which has been digested with ribonuclease. This stimulation 
occurs only if the nucleic acid has first been partially extracted from the 
disrupted staphylococci. 


SUMMARY 


For the incorporation of labeled amino acids into proteins in an enzyme 
system from rat liver, two cell fractions, the microsomes and the soluble 
ell fraction, are essential in addition to the C“-amino acid, ATP, and an 
ATP-generating system. When the active proteins of the soluble cell 
fraction are freed of low molecular weight substances by a precipitation 
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at pH 5, there is little formation of labeled protein unless either guanosine 
diphosphate or triphosphate is added. Either of these nucleotides cay 
restore the activity to the level of the crude system. The incorporation 
into proteins of each of the six C'-amino acids so far tested requires the 
addition of guanosine di- or triphosphate. Inosine di- and triphosphate 
have only about one-tenth the activity of the guanosine nucleotides. Cyt. 
dine and uridine di- and triphosphates, xanthosine diphosphate, and guano. 
sine diphosphate mannose are all inactive. 

Guanosine triphosphate in amounts up to 3 wmoles per ml. does not 
stimulate the formation of labeled proteins in the absence of ATP; ATP 
and an ATP-generating system are required in addition to guanosine di. 
or triphosphate. 

The microsome fraction, which is required in this system, contains the 
cytoplasmic ribonucleic acid. The effect of the guanosine di- or triphos. 
phate occurs in the presence of this ribonucleic acid. 


The authors wish to express their thanks to Dr. J. C. Aub for his ep- 
couragement, to Dr. Robert B. Loftfield for the C'-amino acids which 
made this investigation possible, and to Mrs. Meredith A. Hannon and 
Mrs. Anne G. Harris for valuable assistance in carrying out these experi- 
ments. 
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SOME MOLECULAR AND KINETIC PROPERTIES 
OF HEART MALIC DEHYDROGENASE* 


By R. G. WOLFE{ anv J. B. NEILANDS 
From the Department of Biochemistry, University of California, Berkeley, California) 


(Received for publication, August 30, 1955) 


Although malic dehydrogenase! was discovered in 1910 (1, 2) and several 
nethods for purification of the enzyme have appeared (3-6), the molecular 
properties of this important catalyst in the tricarboxylic acid cycle have 
jot previously been described. The present report gives an account of the 
iolation of the enzyme from heart muscle in a state of purity which has 
mitted the measurement of such properties. 


EXPERIMENTAL 
Isolation of Malic Dehydrogenase 


Measurement of Activity—The measurements of activity performed in 
sajunction with the isolation of MDH were carried out by measuring the 
ute of reduction of DPN at high concentrations of the coenzyme and sub- 
trate, L-malate. 

The sensitive recording spectrophotometer, although similar to that used 
arlier with lactic dehydrogenase, has not been previously described in de- 
wil. The apparatus consisted of a Beckman model DUR monochromator, 
ittached through a specially constructed amplifier to a 50 mv. strip chart 
reorder with a 2 second pen speed. The amplifier was equipped with a 
wltage divider and “bucking” circuit to give a choice of either 0 to © or 
) to 0.0458 optical density full scale (27 cm. chart paper). The more 
ensitive scale, used exclusively in the present work, permits an accurate 
rading of optical density to the fourth decimal place. The apparatus is 
hus essentially similar to that used by Bock and Alberty (7) with fumarase, 
acept that our sensitive scale has been expanded by an additional factor 
f 2. 

For the enzymatic assays, spectrophotometric cuvettes of 1 ml. capacity 
vere charged with 0.9 ml. of 0.1 m glycine-NaOH buffer, pH 10, 0.05 ml. 


* Abstracted from the doctoral dissertation of Raymond G. Wolfe, University of 
(alifornia, Berkeley, California (1955). This research was supported in part by a 
mant from the Office of Naval Research, United States Department of the Navy. 

{Present address, Chemistry Department, University of Wisconsin, Madison, 
Wisconsin. 

'The following abbreviations are used: MDH, malic dehydrogenase; DPN, oxi- 
lized diphosphopyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide. 
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of 5 X 10°? m DPN (Pabst), and 0.05 ml. of 2.0 m recrystallized sodium 
L-malate (Eastman). These conditions will hereafter be referred to as the 
“assay system.” The spectrophotometer was balanced at 340 muy, and the 
reaction was initiated by adding the enzyme in a volume of 0.05 ml. on the 
tip of a glass scoop. The temperature of the cuvette was maintained at 
25° by a circulating thermostat. 

The yield of MDH during the isolation procedure was expressed as g 
unit, which corresponded to the reduction of 1 mumole of DPN per minute 
under the above conditions. The yield of total protein was followed by 
measuring the optical density at 280 my after application of a correction 
for excessive density at 260 my (8). An optical density of 1.0 cm.— was 
arbitrarily chosen to represent 1.0 mg. of protein per ml. as a first approxi- 
mation. 

Fractionation Steps—Unless otherwise stated, all isolation steps were per- 
formed at 4°. 

Thirty fresh pig hearts were chilled in cracked ice and freed from fat 
and connective tissue. After passage through a power-driven meat grinder, 
the tissue was washed successively five times with 25 liter batches of ice 
water, strained through cheese-cloth, and then treated with 15 liters of cold 
90 per cent acetone-10 per cent water. After 30 minutes in the aqueous 
acetone, the tissue was treated twice with successive 10 liter batches of 
pure acetone. The extracted tissue was collected with cheese-cloth, placed 
in a large desiccator, and the solvent removed with an oil pump. 

The MDH was extracted from the acetone powder with 10 liters of 0.05 
M sodium phosphate buffer, pH 7.0. The extraction was carried out over 
an 8 minute period in a 1 liter Waring blendor, which was run for 1 minute 
intervals to avoid overheating. The insoluble débris was removed in a 
refrigerated 13 liter centrifuge to give a milky solution of the enzyme. 

The preparation was brought to 0.3 saturation with ammonium sulfate 
by addition of 176 gm. of the salt per liter of extract. After 12 hours at 4° 
the suspension was centrifuged and the precipitate discarded. The clear, 
amber-brown supernatant liquid was brought to 0.5 saturation by the addi- 
tion of a further 125 gm. of ammonium sulfate per liter of original solution. 
After 12 hours at 4° the precipitate was removed and discarded as before. 
Finally, 100 gm. of ammonium sulfate were added per liter of original solu- 
tion to give a saturation of 0.65, and after 12 hours at 4° the precipitate 
was removed by filtration and retained. The filtrate was discarded. 

The protein precipitate obtained as above was dissolved in the least vol- 
ume, usually 250 to 300 ml., of 0.01 m maleate buffer, pH 6.2, which was 
also 0.2 m with respect to NaCl. The preparation was dialyzed against the 
maleate buffer for about 15 hours and then against fresh maleate buffer con- 
taining 10~‘ m zinc chloride. Dialysis against maleate buffer serves to re- 
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move phosphate; the latter would be objectionable since it would precipi- 
tate the zinc ion. After a 12 hour dialysis, the precipitated protein was 
removed by centrifugation and discarded. 

The amber-colored solution of the enzyme was next fractionated with 
ethanol, which was added through a sintered glass filter. During the addi- 
tion of ethanol the enzyme solution was agitated vigorously with a mechan- 
ical stirrer. When the concentration had exceeded about 10 per cent, fur- 
ther additions of ethanol were made at —10°. The precipitate appearing 
at 40 per cent ethanol was centrifuged at —10°, and the supernatant fluid 
was brought to 50 per cent ethanol. The precipitate at this stage contains 
some MDH, but attempts to carry it through to the final isolation have not 
been successful. The fractionation was continued, and the precipitates 
at 60 and 70 per cent ethanol were collected and assayed separately. The 


TaB_eE I 
Yield and Purity of Malic Dehydrogenase at Various Purification Stages 





. Fraction activity 
. 
Total enzyme | Total protein Turnover No. secovessd 





moles DPN 40,000 





pmoles gm. gm. protein 
min. 
Phosphate buffer extract... . 67.5 100 260 1.0 
Ammonium sulfate ppt...... 60.0 31 700 0.9 
Aqueous zine supernatant... 27.5 11 880 0.4 
Ethanol zine ppt., 70%...... 6.5 0.26 9700 0.1 














* Based on an optical density of 0.46 mg.~! ml.-. 


purest enzyme is contained in the 70 per cent ethanol fraction; however, 
if the 60 per cent fraction has been found to be only slightly less active, 
the two fractions are combined and dissolved at once in cold 0.05 m phos- 
phate buffer, pH 7.0. 

The enzyme solution now contains only very minor components such as 
traces of cytochrome c, which were removed by batchwise treatment with 
arboxymethyleellulose (9). The remaining minor impurities all have a 
much higher negative electrophoretic mobility in neutral phosphate buffer 
ind hence the MDH may be recovered from the cathodic limb. Final 
isolation of the enzyme was achieved in electrophoretic experiments with 
the Perkin-Elmer model No. 38A apparatus. 

Table I summarizes the yield and purity of MDH at the major purifica- 
tion steps. The unit of activity here has been replaced by the turnover 
number and the protein measurements were corrected on the basis of an 
optical density of 0.46 mg.—! ml.—! at 280 mu. 

The activity of an extensively purified preparation of MDH was found 
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to remain stable at room temperature in neutral buffers for days, The 
slight decrease in activity which occurred with time could be prevented by 
keeping the enzyme under N, or by prior treatment with cysteine. Hoy. 
ever, once the activity had been lost through aging, it could not be ye. 
stored by treatment with cysteine. 

Criteria of Purity—In 0.01 m maleate and 0.1 m phosphate buffers, pH 63 
and 7.0, respectively, the isolated enzyme showed only a single boundary 
in the ultracentrifuge. Similarly, electrophoresis experiments in these 
buffers at 100 volts and 10 ma. in the 2 ml. cell for 10 hours did not revyeg| 
the presence of impurities. Preparations which have met these criterig 
have consistently given a turnover number of 9700 moles of DPN per mole" 
MDH min." in the assay system. 

All attempts to crystallize the enzyme have been unsuccessful. 


Molecular Properties of Malic Dehydrogenase 


Extinction Coefficient—Insufficient quantities of isolated MDH were ob- 
tained for a determination of the extinction coefficient based on dry weight. 
However, it was possible to measure this coefficient by two alternative, 
independent methods. In the first of these an optical density and total ni- 
trogen analysis (10) were performed on solutions of MDH in 0.1 m phos- 
phate buffer, pH 7.0, which had been removed from the electrophoresis 
apparatus. Assuming a nitrogen content of 16 per cent, this method gave 
optical density values of 0.408, 0.504, and 0.492 (average 0.46) for 1.0 mg. 
of MDH ml.-' cm.-' at 280 mu. In the second method, the area of an 
electrophoretic pattern given by a known concentration of bovine serum 
albumin was compared with the MDH patterns. In duplicate analysis 
the latter procedure gave optical density figures of 0.48 and 0.44 (average 
0.46) for 1.0 mg. of MDH ml.-! cm. at 280 mu. 

The optical density ratio, 280:260 my, was consistently found to be 
1.4. On the basis of a molecular weight of 40,000, the molar extinction 
coefficient at 280 my is 1.84 X 10*. In all quantitative work with isolated 
MDH, the enzyme concentration was established by optical density meas- 
urements at 280 mu. 

Electrophoretic Mobility—Quantitative measurements of the electro- 
phoretic mobility of MDH have not been made. Qualitative experiments 
in 0.01 m maleate buffers would place the isoelectric point between pH 6.1 
and 6.4. 

Diffusion Coefficient—The diffusion coefficient, Doo... was measured in 
(0.1 m phosphate buffer, pH 7.0, with the 2 ml. Perkin-Elmer electrophoresis 
cell. The MDH concentration was about 5 mg. ml.~' and the temperature 
2°. The boundary was sharpened with a capillary needle at the start of 
the experiment. The height-area method and the extrapolation to zero 
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time were used in calculation of Doo,».. A value of 8.47 X 1077 em. sq. 
sec? was obtained. 

Sedimentation Coefficient—The sedimentation velocity coefficient, s20, 
was measured in 0.01 m (0.015 ionic strength) maleate buffer, pH 6.25, 
yith use of the synthetic boundary cell of the Spinco model E ultracentri- 
fuge (11). The concentration dependence of 829 appeared to exhibit a 
dight positive slope (Fig. 1). The value of s29 extrapolated to zero protein 
concentration was 3.6 X 10-™ sec. 

Molecular Weight—Assuming a partial specific volume of 0.74 ml. gm.“', 
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4-L 6 an a 
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W 
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fe) 0.5 1.0 
Concentration Malic Dehydrogenase (per cent) 


Fic. 1. Sedimentation coefficient, soo, as a function of concentration for malic 
dehydrogenase. 





the molecular weight from the sedimentation and diffusion data is 40,000 + 
Kinetic Properties of Malic Dehydrogenase 


Turnover Number—The turnover numbers for the oxidation of L-malate 
at pH 10 and for the reduction of oxalacetate at a series of pH levels have 
been measured. 

In the assay system (0.1 mM L-malate, 2.5 X 10-*m DPN, 0.1 M glycine- 
NaOH buffer, pH 10) the turnover number was 9700 moles of DPN mole~ 
MDH min. Measurements of the rate of oxidation of t-malate at pH 
levels less than 10 have been avoided because of the unfavorable equilibrium 
condition which prevails at the lower pH. The reaction was found to ex- 
hibit an anomalous acceleration after the substrate concentration had ex- 
ceeded about 10~4 M. 

The variation in maximal initial velocity, V, with pH for the reduction 
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of oxalacetate is given in Table II. These data were obtained by use of 
the double reciprocal plots (12). The figures are seen to pass through q 
maximum, 44,000 moles of DPNH mole? MDH min.—, at pH 6.9, 
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Fig. 2. Optical density increment at 250 my for p-mercuribenzoate alone (Curve Jip a 1 
B) and in the presence of malic dehydrogenase (Curve A). 
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reasons for giving more weight to the measurements made in dilute solu- 
tion will be discussed below. The K,, for DPN has not been measured 
because of the uncertainty in the saturation level of L-malate. 

Table II contains a summary of the Michaelis constants evaluated for 
DPNH in the pH range 6.25 to 8.8. The figures for the oxalacetate have 
not been obtained because of the instability of this compound. 

Inhibition Studies—The number and reactivity of the sulfhydryl groups 
of MDH were measured by the spectrophotometric procedure of Boyer (13). 

The experiments consisted of titrating a 2.4 X 10-* m solution of MDH 
yith small aliquots of a 3.4 X 10-* m solution of p-mercuribenzoate. The 
glvent used was 0.1 m phosphate buffer, pH 7.0, at 25°. Since the reaction 
of the mercurial with MDH was not instantaneous, a 10 minute equilibra- 
tion period was allowed after each successive addition of inhibitor. Small 
aliquots of the reaction mixture were removed from time to time and tested 
for enzymatic activity in the assay system. The experimental data are 
shown in Fig, 2. 

With the use of the optical density increment for the reaction of p-mer- 
wribenzoate with cysteine, 7.29 X 10-* mole™, values of 6.8 to 7.4 moles 
ulfhydryl mole“ MDH were found. The measurements of activity re- 
vealed that complete suppression of the enzymatic activity was achieved 
oly after all seven or more sulfhydryl groups in the enzyme had reacted 
vith the mercurial. All the attempts to reactivate the inhibited enzyme 
sith cysteine or glutathione were unsuccessful. 


DISCUSSION 


In the preparation of MDH, our chief departure from the methods of 
Straub (4) and Ochoa (6) is in the use of a zinc-ethanol fractionation step. 

Since we have obtained activity data under the identical conditions used 
tyOchoa (6) foran MDH preparation according to Straub (4), it is possible 
estimate the purity of the Straub enzyme. The turnover number of the 
atter preparation has been given by Ochoa (6) as 35,000 moles of DPNH 
yr 100,000 gm. of protein min.-'. On the basis of a molecular weight of 
4,000 for MDH, this is a turnover number of 14,000 moles of DPNH mole 
MDH min. at pH 7.4. Since the figure given in Table II under these 
onditions is 38,000, it may be concluded that the Straub preparation is of 
) per cent purity. Straub (4) found that his MDH was about as active 
na weight basis as crystalline heart lactic dehydrogenase. Since the 
nolecular turnover numbers of MDH and lactic dehydrogenase (14) are not 
very different, the activity ratio of these two enzymes is given by the ratio 
{their molecular weights, 135,000:40,000. Thus the preparation of MDH 
thich we have obtained is somewhat over three times as active as crys- 
talline heart lactic dehydrogenase on a weight basis. 
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MDH is unique among the known pyridine nucleotide dehydrogenases 
in having the lowest molecular weight. This property would be of obvious 
advantage if it were desired to investigate the structural chemistry of this 
protein, especially if the enzyme contained more than one active site, 

It has not been possible to demonstrate a spectral shift on mixing MDH 
with DPNH, as has been done with both the liver alcohol (15) and hear 
lactic dehydrogenases (16). 

Several explanations are possible for the abnormal increase in velocity 
of oxidation of t-malate at high levels of this substrate. The L-malate may 
be removing an inhibitor or there may be a cooperative phenomenon be. 
tween more than one active site on the enzyme. The Michaelis constants 
reported by us for MDH were obtained by extrapolation of measurements 
made in dilute solution, since with fumarase (7) these were the only data 
which would fit the Haldane equation. 

The maximal initial velocity of DPNH oxidation as a function of pH is 
of interest. The measurements indicate that two ionizable groups in the 
enzyme or enzyme substrate compound, one with a pK’a of about 8.5, are 
required for activity. In an acid-strengthening field the sulfhydryl groups 
of cysteine may possess such a pK’a (17). 

The failure to reactivate MDH after treatment with mercuribenzoate is 
an observation which deserves comment. Alcohol dehydrogenase from 
fish liver is also apparently irreversibly inactivated with p-mercuribenzoate 
(18). On the other hand the p-mercuribenzoate derivative of lactic dehy- 
drogenase, unlike MDH, is instantly and almost quantitatively reactivated 
with cysteine (19). 


SUMMARY 


1. Malic dehydrogenase has been isolated from pig heart muscle. 

2. The molecular weight from sedimentation and diffusion measurements 
is 40,000 + 5000. 

3. The Michaelis constants and turnover numbers as a function of pH as 
well as other molecular properties of the enzyme have been established. 

4. By use of the Boyer (13) technique, the enzyme has been found to 
contain about seven sulfhydryl groups per mole. The activity is not com- 
pletely abolished until all the available sulfhydryl groups have been allowed 
to react with p-mercuribenzoate. 


The authors wish to express their appreciation to Miss Jean Miller ior 
performing the sedimentation analysis. 
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A NEW MOIST CHAMBER RESPIROMETER FOR THE 
STUDY OF THE METABOLISM OF TISSUE 
SLICES IN VITRO* 


By DAVID L. DRABKIN anp JULIAN B. MARSH{ 


(From the Department of Biochemistry, the Graduate School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 22, 1955) 


Deficiencies in the classical Warburg tissue respiration technique inci- 
dent to the immersion and continuous agitation of thin tissue slices in a 
jiquid medium have been long and generally recognized. Rodnight and 
Mellwain recently have described a modified technique (2), in which the 
gas exchange of the tissue slice is measured in non-aqueous media or under 
“moist” aqueous conditions with very small volumes of medium. In the 
case of some tissues, notably brain and kidney, they observed appreciably 
higher rates of oxygen uptake than with the usual Warburg procedure. 
In the course of isotopic tracer experiments on the metabolism of cyto- 
chrome c in vitro (1), we found that the recovery of the chromoprotein 
was very poor when slices of rat liver were incubated at 37° for 2 to 3 hours 
in appropriate aqueous media. Furthermore, the small amounts of cyto- 
chrome c which were isolated necessitated the use of relatively large quan- 
tities of radioactive isotopes of high specific activity. To overcome these 
difficulties, we have designed a new apparatus, based on the “moist tissue” 
principle (2), which has made possible the incubation of large numbers of 
tissue slices in comparatively small volumes of medium for periods of time 
longer than 6 hours, with maintenance of a steady state of oxygen consump- 
tion and excellent recoveries of cytochrome c at the termination of the in- 
cubation. 

In this paper the new moist chamber respirometer, which should have 
many areas of usefulness in studies of metabolism in vitro, is described. 
Data are furnished from which the inference may be drawn that the 
metabolic performance of tissue slices in this “moist” method is main- 
tained at an optimal level (as judged by the rate of oxygen consumption) 2 


* This work was aided by funds supplied by the Office of Naval Research and the 
Bureau of Medicine and Surgery, Department of the Navy, and was done under con- 
tract between the Office of Naval Research and the University of Pennsylvania. 
Partial financial support was also obtained from the George W. Raiziss Research 
Fund in Biochemistry. A preliminary report was made at a Ciba Foundation sym- 
posium at London, February 8-10, 1955 (1). 

t Fellow of the George W. Raiziss Research Fund in Biochemistry. 
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to 3 times longer than in the conventional “wet” or immersion Warburg 
technique. 


Equipment and Technique 


Moist Chamber Respirometer—The new apparatus is illustrated in Fig, 1, 
The respirometer is made from a Corning Pyrex brand fritted glass Biich. 
ner funnel. The fritted glass plate is of coarse porosity (pore size of about 
14 ») and 9 cm. in diameter. Standard taper ground joints connect the 
U-tube manometer, M, and its adapter, A, to the modified funnel. The 
vessel readily accommodates fifteen slices of tissue, each of the size and 
thickness used in the conventional Warburg technique. Hence, about 3 
gm. of tissue may be run in a single vessel in contrast with 200 mg. in the 
Warburg method. Also, it may be obvious that in the new equipment it 
is possible to study sections of large organs, such as tissue slices cut from a 
dog’s brain. The glass tubing, with stop-cocks a, b, and c, is provided for 
gassing (see below). While we have adapted the stand of the apparatus 
(see legend to Fig. 1) for use in the constant temperature water bath pro- 
vided for our Warburg equipment, an important feature of the new tech- 
nique is that no shaking of the vessels is required. Hence, elaborate and 
costly shaking devices are unnecessary, in the event that one may contem- 
plate the provision of a new constant temperature bath. 

Calibration—The functional volume of the respirometers is of the order 
of 650 to 660 ml. This is obtained by weighing the vessels empty and then 
filled with water to a given point (Fig. 1) on the manometer. For this 
purpose a large sensitive balance was used. Since a simple U-tube manon- 
eter filled with Brodie’s solution is employed, the expression for the vessel 
constant, K, is given by 


K = (2V/RT) + (273a/22.4T) 


where a is the cross-sectional area of the manometer (here = 6 mm.”), and 
V, R, and T have the usual connotation. For the development of this 
equation reference may be made to Burk and Hobby (3). K for our ap- 
paratus is of the order of 5 umoles per mm. of change in one arm of the 
manometer. (To obtain K in terms of micromoles, V is expressed in micro- 
liters and R = 821 ul. per mm. per umole per degree absolute.) 
Technique—In Step 1, the chamber is flushed with oxygen from below, 
the gas being admitted through the tube on the right (Fig. 1) and passed 
through the fritted glass disk. During this operation the manometer, M, 
and its adapter, A, are removed from the apparatus, stop-cock a is opened, 
and stop-cocks b and ¢ are closed. In Step 2, stop-cock a is closed, and 
medium is applied to the fritted disk. 5 to 10 ml. of medium, depending 
on the porosity of the particular disk, are used. Stop-cock a is now par- 
tially opened, allowing the medium to become saturated with oxygen. 


For St 
gas is 


tions 
with 
origi 
brac 


imm 
vessi 
tubi 
as sl 
filte 
tigh 


pla 
met 





XUM 


arburg 


Fig. 1, 
Bich. 

‘about 
act the 
The 

ze and 
bout 3 
in the 

nent it 
from a 
led for 
aratus 
h pro- 
v tech- 
te and 
mntem- 


: order 
d then 
or this 
anom- 
Vessel 


2), and 
of this 
yur ap- 
of the 
micro- 


below, 
passed 
er, M, 
pened, 
d, and 
ending 
W par- 
xygen. 





D. L. DRABKIN AND J. B. MARSH 73 


For Step 3, stop-cock a is closed and stop-cock b is opened. While the 
gas is flowing through the upper part of the chamber, the tissue slices are 




















Fic. 1. Photograph of the moist chamber respirometer (right) and the conven- 
tional Warburg vessel (left). The apparatus, constructed from a Biichner funnel 
with a large, fritted glass disk of coarse porosity (see the text), is adapted to the stand 
originally fabricated for the Warburg vessel by means of a suitable stainless steel 
bracket and clamp. The vertical dimension of 25 cm. furnishes an index of the size. 
w. 1. represents the water level in the constant temperature bath, the apparatus being 
immersed to above the bulb of the manometer, M. The calibrated volumes of the 
vessels, which include the bulb of the manometer (to level w. 1.) and connecting glass 
tubing, are 650 to 660 ml. The fritted glass plate (9 cm. in diameter) accommodates, 
as shown, some fifteen slices of tissue and in its center a small glass beaker, B, with 
filter paper and alkali to take up CO2. All joints are rendered water- and gas- 
tight by means of light Celvacene vacuum grease. 


placed on the porous plate. Each slice is then carefully moistened with 
medium delivered by pipette, about 1 ml. sufficing for fifteen slices. In 
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most of our runs a total of about 7 ml. of medium was used for saturating 
the porous disk and covering the tissue slices. If measurement of oxygen 
uptake is to be performed, at this stage a 10 ml. beaker containing 3 ml, 
of alkali and a large filter paper roll is placed in the center of the disk 
(B, Fig. 1). The small beaker may be held in position by twisting two 
pipe cleaners around it below its lip; the ends of the cleaners then rest 
against the sides of the chamber. If oxygen consumption data are not 
required, the beaker and alkali may be omitted, thus affording additional] 
space for tissue slices. In Step 4, stop-cock ¢ is opened and the manom- 
eter, empty of Brodie’s fluid, with its adapter, A, is attached to the cham- 
ber. Gassing, through open stop-cocks b and c and the unfilled manom- 
eter, is carried on for about 5 minutes. A small bore polyethylene tube is 
then inserted deeply into the open arm of the manometer and gassing is 
continued for a brief period. All stop-cocks are now closed and the gas is 
shut off at the tank, permitting the manometer to be filled with Brodie’s 
fluid by means of a syringe attached to the polyethylene tube. In Step 5, 
stop-cock ¢ is opened and the apparatus (on its stand) is immersed in the 
water thermostat. This stop-cock is closed after temperature equilibrium 
(37°) has been attained, a period of about 45 minutes. 

Variants in Apparatus and Procedure—It should be obvious that smaller 
respirometers of similar design may be constructed. The chamber could 
be made in two separate sections with provision for clamping the fritted 
glass disk between them. Such an arrangement would be convenient in 
cleaning. The present design with the porous plate fused to the glass 
wall was chosen to avoid the possibility of streaming effects along the edges, 
thereby insuring an even diffusion and distribution of gas to all parts of 
the chamber. However, in this type of apparatus it is difficult to recover 
the medium for analytical purposes. If the latter is required, a variant in 
technique may be suggested. Small Pyrex brand, coarse fritted glass 
Gooch crucibles (diameter = 20 mm., capacity = 8 ml.) are arranged on 
the dry porous plate of the large chamber. Only. the fritted plates of each 
crucible are wet with the medium. Each crucible accommodates a single 
slice of tissue. Otherwise, the steps in the procedure are identical with 
those described above. At the end of the run the crucibles are removed, 
and the medium may be readily recovered by washing. Also, individual 
crucibles may be removed during the course of the run. 


RESULTS AND DISCUSSION 


It is evident from the data supplied in Fig. 2 that in the new moist cham- 
ber respirometer the oxygen consumption of tissue slices (of brain, kidney, 
liver, and diaphragm) is maintained at nearly linear rates for at least 10 
hours. Between the 6th and 10th hour the respiration rates measured 
were within 82 to 92 per cent of the earliest measurable values. Actually, 
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ihe rate of oxygen consumption is well maintained for considerably longer 
han 10 hours. In contrast, as shown in Fig. 2, the oxygen uptake of 
jmilar tissue slices in the conventional Warburg method, with the possible 
3 ml, |aception of diaphragm muscle, diminishes rapidly after the 3rd hour (or 
disk Jearlier) and is negligible between the 6th and 10th hour. It may be 
nointed out that the diaphragm is not sliced, but pieces of it are snipped 
1 rest wt. Hence, there is far less traumatized surface exposed to leaching or 
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Fic. 2. Oxygen consumption in micromoles per gm. wet weight of tissue. The 
Over =| medium was 0.033 m phosphate buffer and 0.100 m KCl, pH 7.4. Solid line, MCR, 
nt in 05 mm. thick slices in the moist chamber respirometer; broken line, W, 0.5 mm. 
glass _| thick slices with the conventional Warburg technique. 





each | other effects by the medium during incubation. Even with this tissue, 
ingle | however, superior results are secured with the new respiration technique. 
with In the modified Rodnight and MclIlwain technique (2), the length of 
ved, | time that a slice can continue to respire depends on the amount of sub- 
‘dual | strate which can be made available to it. These investigators reported 
that slices laid on moist filter paper respired at rates 10 to 15 per cent lower 
than those observed when the tissue slices were supported on wire mesh 
frames. We ascribe the excellent maintenance of respiration in our ap- 
ham- | paratus to the fact that the fritted glass disk, wet with well oxygenated 
Iney, | 2edium, allows a continuous supply of substrate to diffuse into the tissue 
st 10 | Slice through a relatively large contact area. 

ured The physical appearance of the tissue slices after 6 hours in our apparatus 
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is remarkably good, especially in the case of liver. The excellent cond). 
tion of the tissues after 6 hours is reflected by the fact that the extractig, 
of cytochrome c from liver and kidney slices was equal to that obtained op 
aliquots before incubation (Table I). However, between the 6th and 10th 


TaBLeE I 
Cytochrome c Content (C) of Rat Tissue Slices Incubated in Vitro at 37° 








| 
Tissue | #ee Qaeve2: |SSeeee 
y per gm.t y per gm.t ¥ per gm.t 
Kidney 272t 43.3 212 
Liver 110} 44.3 134 
31.2 105 
39.3 116 











* The amount of cytochrome c is based on the quantity of the purified pigment 
recovered from a column of Amberlite IRC-50 resin according to Paléus and Neilands 
(4) after extraction and preparation from the slices by a combination of the tech- 
niques of Rosenthal and Drabkin (5) and Keilin and Hartree (6). The estimation 
of cytochrome c by this technique (owing to incompleteness of recovery) gives lower 
values than those obtained with the Rosenthal and Drabkin analytical procedure 
(7, 8), which for rat liver and kidney were 178 and 346 y per gm. wet weight of tis- 
sue, respectively. 

{t Wet weight of tissue. 

t Mean values. 


TaBLe II 


Water Content of Rat Tissue Slices after Varying Periods of Time in Moist 
Chamber Respirometer 





| Ratio, wet weight to dry weight Water content 

















Tissue Rt al 
Initial | Final Initial | Final 
hrs. per cent | per cent 
ee 10 4.60 | 6.84 82.1 | 987.2 
Kiduey........ 10 4.46 | 6.35 81.7 | 86.4 
ite ........:.. 3 3.65 | 3.99 78.5 80.0 
gut rae 10 3.49 | 5.55 | 77.7 84.7 
Diaphragm...... 10 | 4.78 | 5.37 | 82.7 84.3 





hour the tissues begin to swell visibly, and appreciable increases in their 
water content were found after 10 hours (Table II). 

The new moist chamber respirometer offers several advantages over the | 
conventional Warburg method and over modified techniques in which the} 
Warburg vessels are utilized. It is thus possible to lengthen greatly the| 
period of incubation, to pool large numbers of tissue slices, and at the same | 
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time to decrease the volume of medium employed materially. These con- 
ditions are nearly ideal for experiments involving the measurement of the 
incorporation of isotopes into constituents of tissue slices in vitro. 
Certain disadvantages of the present apparatus should be mentioned. 
Because of the volume of the vessel, temperature equilibrium and probably 
C0, diffusion equilibrium are not reached until about 45 minutes after 
immersion of the vessel in the water bath at 37°. Hence, the initial rates 
of oxygen consumption cannot be measured. An additional factor pre- 
cludes an accurate measurement of initial rates of respiration, the time 
required, even with two persons working simultaneously, for the cutting 
of twenty to thirty tissue slices, which represent the capacity of the vessel. 
In spite of these limitations, as is evident in Fig. 2, the earliest measurable 
rates of oxygen uptake for the several tissues studied in the moist chamber 
respirometer were equal to the initial rates measured by the usual Warburg 
method. Improvements in procedure are currently being investigated 
and may appreciably shorten the early equilibration period. 


SUMMARY 


A new moist chamber respirometer has been described. In this appa- 
ratus the metabolism of fifteen to thirty slices of tissue may be effectively 
studied in vitro in the presence of only small volumes of medium. With 
this equipment it has been found possible to incubate tissue slices for as 
long as 10 hours without appreciable diminution in their rates of oxygen 
uptake. Such prolonged and steady maintenance of oxygen consumption 
permits the inference that the tissues remain viable 2 to 3 times longer 
than in the conventional Warburg technique. The physical condition 
of the slices remains excellent for at least 6 hours, and the integrity of the 
tissue is reflected by the adequate recovery of cytochrome c after incuba- 
tion. 
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THE METABOLISM OF THE ORGANIC ACIDS 
OF TOBACCO LEAVES 


XI. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS OF 
GLYCOLATE AT pH 3 TO pH 6 


By HUBERT BRADFORD VICKERY anv JAMES K. PALMER 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment 
Station, New Haven, Connecticut) 


(Received for publication, November 23, 1955) 


Glycolic acid has assumed considerable importance in recent years as a 
component of plant and animal tissues. It was probably first encountered 
in nature in unripe grapes by Erlenmeyer in 1866 (1), and was identified 
in the juice of the sugar beet by von Lippmann in 1891 (2). Its presence 
in the juice of the sugar cane was thoroughly established by Shorey (3) in 
1899. Glycolic acid is today recognized as one of the early products of 
photosynthesis (4-7), and an enzyme system capable of oxidizing it was 
detected some years ago in etiolated barley seedlings by Kolesnikov (8). 

The nature of this enzyme system has been extensively studied by a 
group of workers in Burris’ laboratory at the University of Wisconsin (9-12) 
who have found that the main product of oxidation is glyoxylic acid, that 
the enzyme is widely distributed in plants, and, specifically, that it is pres- 
ent in tobacco leaves. Kenten and Mann (13) have also studied a prepa- 
ration of this enzyme obtained from tobacco leaves, and have suggested 
that oxalic acid may arise as a product of the further enzymatic oxidation 
of glyoxylie acid. Finally, Zelitch and Ochoa (14) have isolated the en- 
zyme glycolic acid oxidase in highly purified form from spinach leaves, and 
have shown it to be a flavoprotein. They also confirmed the observation 
of Tolbert, Clagett, and Burris (10) that the primary product of oxidation 
is glyoxylie acid and found, as had Kenten and Mann, that the hydrogen 
peroxide produced reacts non-enzymatically with glyoxylic acid to give 
formic acid. 

That glycolic acid may also be directly concerned in the metabolism of 
nitrogen compounds has been shown by Schou et al. (5), who found that 
glycolic acid labeled with C™ in either carbon atom, when administered to 
Scenedesmus, gives rise to labeled glycine and serine as major products. 
Tolbert and Cohan (15) have made similar observations with excised leaves 
of wheat and barley as well as with saps expressed from these tissues. 

A metabolic relationship between glycolic acid and citric acid is evident 
from the observations of Zbinovsky and Burris (16), who infiltrated labeled 
glycolic acid into tobacco leaves and found that the specific activity of suc- 
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cinic, oxalic, and malic acids was increased to approximately the same ex. 
tent in light, although that of citric acid was only moderately affected. On 
the other hand, when the infiltrated leaves were held in darkness, the spe- 
cific activity of citric acid was greatly increased and that of oxalic acid 
moderately; malic acid was somewhat less extensively labeled. 

The obviously far-reaching relationships of glycolic acid in the metabo- 
lism of the organic acids of plant tissues suggested that a study of the effect 
of administering glycolic acid to tobacco leaves by the excised leaf culture 
technique might provide information upon the nature and extent of the 
reactions into which this substance may enter in the leaf. The outcome 
has been a demonstration that the formation of citric acid is enormously 
stimulated in darkness and that of oxalic acid is moderately stimulated, 
When glycolate is supplied at pH 5 and 6, malic acid increases slightly 
during the first 24 hours but diminishes subsequently. There was evi- 
dence that succinic acid as well as organic acids present in small amounts 
in the so called “undetermined” fraction also increase to some extent. 


EXPERIMENTAL 


The plants of Nicotiana tabacum, variety Connecticut shade-grown, were 
raised in the greenhouse on soil with occasional additions of nutrient solu- 
tion to insure an adequate supply of nitrogen. The samples of leaves were 
collected by the statistical method (17) 53 days after the plants had been 
set out, ten samples of twenty leaves each being taken from twenty plants 
on July 6, 1953, ten fully developed leaves from each plant being used. 
The coefficient of variation of the fresh weight of the samples was 2.1 per 
cent and that of the total nitrogen content was 1.4 per cent; the samples 
were thus identical in initial composition within satisfactory limits. 

The four culture solutions were 0.2 m with respect to glycolic acid and 
were adjusted with potassium hydroxide to pH 3, 4, 5, and 6; four samples 
were separately cultured in these solutions for 24 hours and four for 48 
hours. In addition, one sample was cultured in water for 48 hours and one 
was dried at once for the zero time control. The dark room in which the 
leaves were treated was maintained at 24° and 75 per cent relative humidity. 

The preparation of the samples for analysis and the analytical methods 
employed have been described in previous papers (18, 19). Glycolic acid 
was determined by the colorimetric procedure of Calkins (20) in appropri- 
ately pooled and concentrated fractions from a Dowex 1 column in the ace- 
tate form. p-Glyceric acid, which is present in these fractions in small 
amount, does not interfere significantly with the colorimetric procedure. 

The control sample cultured in water increased nearly 13 per cent in 
fresh weight, but the leaves cultured in glycolate suffered some physio- 
logical damage. Most of them had small necrotic areas at the base where 
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they were immersed in the culture solution, and these areas frequently ex- 
tended up along the main veins; a few leaves had necrotic areas extending 
into the lamina and some were mottled and yellow. Although most of 
the leaves were flaccid, the losses of fresh weight (Table I, Line 1) were 
much smaller than are observed when similar leaves are cultured in oxalic, 
acetic, or maleic acid, for, with these substrates, losses of the order of 50 
per cent of the fresh weight occur in 48 hours. The average loss of fresh 
weight after 24 hours of culture in glycolate was 13 per cent, and after 48 
hours it was 16.6 per cent. In spite of the evidence of damage, much of 
which occurred during the second 24 hour period of the culture, the main 
biochemical effects observed are clearly the result of the advent of glycolic 
acid and represent the response of the enzyme systems of the cells to the 
presence of this substance in unusual concentration. 

In considering the analytical data in Table I, allowance should be made 
for a sampling error of the order of 2 per cent, and to this must be added an 
analytical error that, with such components as glycolic and succinic acids, 
may be as great as 10 per cent of the quantity measured, although with 
most components it is much less. Line 2 shows that the uptake of potas- 
sium from the culture solution at pH 3 was below the limit of detection but 
that the ash increased with the pH of the solution and with time. How- 
ever, the uptake of solute was appreciably greater in the first 24 hours than 
in the second. The change in organic solids (7.e., total solids minus ash) 
in Line 3 has been corrected in Line 4 by adding the weight of a quantity 
of carbon dioxide calculated from the increase in the alkalinity of the ash. 
It is assumed that this represents carbonate in the ash derived from the 
combustion of the organic acids and properly belongs with the organic 
solids. Because of the promotion of the respiratory loss of organic solids 
in leaves cultured in solutions of salts, most of the samples suffered a net 
loss in spite of the uptake of substantial amounts of organic acid. 

Line 5 shows the increases in the alkalinity of the ash and Line 6 the 
effects upon the pH of extracts of the dried tissue. The uptakes of organic 
acid in Line 7 are calculated from the increases in the alkalinity of the ash 
by dividing by the respective fractions of glycolic acid which are neu- 
tralized at each pH, namely 0.13 at pH 3, 0.60 at pH 4, 0.94 at pH 5, and 
0.99 at pH 6. These fractions were calculated from the dissociation con- 
stant (pK’ = 3.83) of glycolic acid. The results for uptake at pH 3 ob- 
tained in this way are obviously meaningless since the change in the alka- 
linity of the ash was no greater than the experimental error. Accordingly, 
the quantities of glycolic acid actually found in these two samples are en- 
tered in Table I but are parenthesized to indicate that they are minimal 
estimates. The uptakes from the more completely neutralized solutions 
are proportional to the respective increases in the ash when the observa- 
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tions at 24 hours are compared with those at 48 hours. The data thus 
conform closely with the assumption that the increases in ash represent 
increases in potassium carbonate derived from the combustion of potas- 
sium glycolate and its metabolic products. 

Line 9 shows the changes of total organic acids. The quantities are the 
sums of the titrations of the entire effluent from the analytical Dowex 1 
column together with the separately determined oxalic acid. A loss of 
organic acids of the order of 15 m.eq. during culture of the leaves for 48 
hours in water is commonly encountered, but the increases of about 20 
m.eq. in the samples cultured at pH 3 indicate that some uptake of gly- 
colic acid from this solution must have occurred. The larger increases in 
the leaves cultured at higher pH conform with what would be expected 
from the data for ash. 

Malic acid (Line 10) decreased and citric acid (Line 11) increased in the 
sample cultured in water in the manner to be expected from earlier experi- 
ments, and there was a moderate stimulation of the respective changes in 
the amounts of these two substances in the leaves cultured for 48 hours in 
glycolate at pH 3. At pH 4, however, there is evidence of a diminished 
utilization of malic acid coupled with a marked stimulation of the forma- 
tion of citric acid, and this effect is even more striking at pH 5 and 6. Un- 
der these last conditions, malic acid increased moderately for the first 24 
hours and then diminished but, at the same time, the formation of citric 
acid was maintained at an accelerating rate. The outcome was that the 
accumulation of citric acid in 48 hours at pH 4, 5, and 6 was of the same 
order as has been observed when tobacco leaves are cultured in 0.2 m citrate 
at these same levels of acidity (21). The presence of a highly active citric 
acid-synthesizing mechanism is thus clearly indicated. 

There was no evidence of an effect upon the content of oxalic acid (Line 
12) when the leaves were cultured in water or in glycolate at pH 3 or 4, but 
at pH 5 and 6 oxalic acid increased strikingly. This is the first instance 
in the experience of this laboratory in which culture of tobacco leaves in 
an organic acid other than oxalic acid has led to a marked increase in the 
concentration of oxalic acid in the leaves. 

Succinic acid is normally present in tobacco leaves in such small amounts 
as to be barely detectable by the titration of the appropriate fractions of 
the effluent from the Dowex 1 column. In Line 13, the quantity 1 m.eq. 
shown in the control sample represents an estimate for which the word 
“trace” might well be substituted; whether or not there was an increase 
during culture in glycolate at pH 3 is problematical, although this seems 
likely. At pH 4 and above, however, there was definite evidence of the 
accumulation of succinic acid in amounts approximately one-third of those 
found when similar leaves are cultured in succinate (22) at the same pH. 
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Glycolic acid (Line 14) is also normally present in tobacco leaves in only 
small amounts. It is not detectably altered during culture of the leaves 
in water, but an increase of about 34 m.eq. was found in the leaves cultured 
in glycolate at pH 3. Although it seems unlikely that this quantity fur- 
nishes an accurate measure of the glycolic acid that was taken up, there 
was no clear evidence of metabolic effects which could be specifically attrib- 
uted to the presence of this substance. The moderate stimulation of the 
formation of citric acid that occurred may merely have been an expression 
of the increased rate of the general metabolism brought about by culture of 
the leaves in the presence of a salt. Glycolic acid accumulated at pH 4 to 
only approximately the same extent as at pH 3 in spite of the large uptakes 
shown in Line 7, and above pH 4 even less was found. This substance 
must, therefore, readily enter into the organic acid metabolism of the tis- 
sue. 

The component designated “‘ Unknown acid A”’ (Line 15), which is eluted 
from the Dowex 1 column along with citric acid, is now known to be a mix- 
ture which contains trace amounts of malonic and isocitric acids together 
with a major component as yet unidentified. No increase in isocitric acid 
was detected and, considered as a whole, this mixture underwent only small 
and irregular changes as a result of culture of the leaves in glycolate; its 
metabolic significance thus awaits more detailed study. The group of 
components designated “‘Undetermined acid” (Line 16) represents those 
substances (with the exception of succinic and glycolic acids) which are 
eduted in advance of malic acid. p-Glyceric, quinic, and aspartic acids 
have been recognized in small amounts in this mixture, and there are several 
other acids present. As a whole, this group of substances was markedly in- 
creased by culture of the leaves in glycolate. Glyoxylic acid, if present, 
would be included in this group. However, it is doubtful whether gly- 
oxylic acid is sufficiently stable to survive the drying of the leaves and sub- 
sequent evaporation of the formic acid eluate from the Dowex 1 column. 
At all events, none was detected in any of the present samples. 

The protein nitrogen (Line 17) diminished during culture for 48 hours 
in water by 11 per cent of the amount present in the control. This is a 
somewhat greater loss than is usually observed, but, even so, the extent of 
proteolysis was approximately doubled in the leaves cultured for 48 hours 
in glycolate at pH 3, 4, and 6. No reason can at present be assigned for 
the relatively smaller loss of protein nitrogen from the samples cultured at 
pH 5. However, a somewhat lower level of total metabolism in these two 
samples is also suggested by the data for the lossof starch (Line 18). Nearly 
three-quarters of the starch disappeared from the other samples cultured 
either in water or glycolate for 48 hours. 

In Table IT are collected data derived from the analytical results in Table 
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I. The respiration losses in Line 2 are the algebraic sums of the changes 
in corrected organic solids and the estimated uptakes of glycolic acid for 
each sample. At pH 3, it has been necessary to use the data for the quan- 
tities of glycolic acid found by analysis in the samples since no other esti- 
mate of the uptake was available. Accordingly, the respiration loss in 
these two instances is underestimated by such amounts of glycolic acid as 
may have undergone metabolic reactions during the culture period. Rea- 
sonable magnitudes are nevertheless obtained, and it would thus appear 
that the acquisition of solute from the culture solution at this low pH re- 
quired the expenditure of respiratory energy in amounts comparable with 
those observed at the higher pH of the other solutions. The value 7.8 gm. 
for the loss of organic solids during culture in water is somewhat higher than 
is commonly observed, and suggests that this lot of leaves was characterized 
by an unusually vigorous metabolism, a conclusion that may also be drawn 
from the losses of protein nitrogen and starch shown in Table I. No 
definite explanation can be advanced for the somewhat lower level of re- 
spiratory loss from the two samples cultured at pH 5, but the effect corre- 
lates with the completely independent data for the smaller losses of both 
protein and starch from these samples in comparison with those at lower 
and higher pH. 

Line 3 of Table II shows the estimated quantities of glycolic acid which 
were metabolized by the tissues during the culture period. The data are 
the differences between the respective uptakes and the amounts of glycolic 
acid found by analysis. It is obvious that the rate of metabolism of gly- 
colic acid in the first 24 hours of culture was somewhat greater than that 
in the second 24 hour period. However, Line 4 shows that the relative 
proportion of the acquired glycolic acid which was metabolized at each pH 
was essentially constant throughout the 48 hour period. Furthermore, 
the extent to which glycolic acid was converted to other substances at pH 5 
and 6 is comparable to that observed for succinic acid under similar condi- 
tions (23). Glycolic acid must therefore be rated, along with succinic 
acid, as an extremely active metabolite in tobacco leaf tissue. 

It is unfortunate that no data are available from which the extent to 
which glycolic acid is metabolized at pH 3 may be calculated. The trend 
of the data at the higher pH values would suggest that the proportion may 
be fairly small, but that none of the glycolic acid taken up was converted 
to other substances seems improbable; the zeros in Lines 3 and 4 of Table 
II are accordingly parenthesized to indicate doubt. 

The molar ratio of the loss of malic acid to the increase of citric acid in 
each of the samples is shown in Line 5. As has been repeatedly observed 
in tobacco leaves cultured for 48 hours in water, this molar ratio is close 
to 2 (24), and the metabolism of malic acid in this particular set of samples 
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ges may therefore be assumed to have been normal. When cultured at pH 3 
for in glycolate, however, the ratio of the loss of malic acid to the gain of citric 
an- acid during the first 24 hours was 5.7. In the second 24 hour period, it 
sti- dropped to 1.3 and for the entire 48 hour period was 2.0. Accordingly, if 


3 in one assumes that the citric acid produced in 48 hours in the culture at pH 3 
| as was derived entirely from malic acid, it follows that a considerable part of 
ea- the malic acid must have been converted into substances which, for a time, 
ear remained as intermediate products. However, it is by no means certain 


re- that glycolic acid had no share in the synthesis of citric acid at pH 3; all 
vith that seems certain is that enough malic acid disappeared in 48 hours to ac- 


gm. count for the increase in citric acid observed. 
han The molar ratios of malic acid decrease to citric acid increase in the less 
ized acid culture solutions are all smaller than unity, and at pH 5 and 6 drop to 
wn 0.3 in the 48 hour cultures. Obviously, much of the citric acid must have 
No arisen from some source other than malic acid, and suspicion naturally 
re- falls upon the glycolic acid which was extensively metabolized in these 
rre- samples. Comparison of the data for the losses of glycolic acid in Line 3 
oth of Table II with those for the increases of citric acid in Line 11 of Table I 
wer shows that, in terms of milliequivalents, from 2 to 4 times as much glycolic 


acid disappeared in 24 hours as there was citric acid produced, whereas, 
rich over the 48 hour period, the ratios ranged from 1.1 to 1.8; accordingly there 


are would appear to have been an adequate supply of glycolic acid to account 
‘olic for the increase in citric acid. 
gly- A more detailed examination of this possibility is shown by the calcula- 
that tions in Lines 6 to 14 of Table II. The differences between the uptakes of 
tive glycolic acid and the increases in total organic acids in Line 6 may be as- 
pH sumed to represent the amounts of organic acid that disappeared entirely 
ore, as the result of respiratory or other processes which removed titratable 
H 5 acidity during the culture period. If this loss is assumed to have fallen 
ndi- exclusively upon the acquired glycolic acid,' the differences between Lines 
‘inic 3 and 6 then show the amounts of glycolic acid which were converted into 
other stable organic acids. Line 8 gives the sums of the increases in suc- 
t to cinic, oxalic, and undetermined acids from Table I, and, to take the most 
end unfavorable possible case, it is assumed that these increases arose exclu- 
may sively from the metabolism of glycolic acid. Line 9, the differences between 
rted Lines 7 and 8, then shows the amounts of glycolic acid which, on these as- 
able sumptions, were available for conversion into citric acid. However, 
another possible source of citric acid exists; namely, that part of the malic 
wr ‘Conversion of glycolic acid to glycine and serine, as has been observed to occur 
Pie in wheat and barley leaves by Tolbert and Cohan (15), could account for some of the 


loss of titratable acidity. Any glycolic acid converted to glyoxylic acid or formic 
ples acid would also escape detection. 
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acid which disappeared during the culture period. On the assumption that 
the molar ratio between loss of malic and gain of citric acid, found valid 
for the water control and for the culture in glycolic acid at pH 3 for 48 hours, 
is also applicable in the cultures at higher pH values, Line 11 gives, in milli- 
moles, the amounts of citric acid which may have arisen from malic acid, 
Line 12 shows the observed increases in citric acid, also expressed in milli- 
moles, and Line 13 the differences between Lines 11 and 12. These are, 
accordingly, the amounts of citric acid which may have been derived from 
glycolic acid. Line 14 gives the molar ratios between the amounts of gly- 
colic acid which may have been converted into citric acid (Line 9) and the 
amounts of citric acid that may be supposed to have arisen from this source. 

The mean of the six calculations is 3.1 + 0.9; accordingly, when all of 
the other likely fates of glycolic acid are taken into consideration, there 
still remains a sufficient supply, as measured by titratable acidity, to ac- 
count for the observed extensive formation of citric acid. In view of the 
numerous assumptions that have been made, no stress can be placed upon 
the apparently stoichiometric ratio obtained, for the uncertainty is of the 
order of 30 per cent. Nevertheless, when sufficient knowledge of the en- 
zyme systems involved has been accumulated and precise mechanisms can 
be suggested, provision must be made for the possibility of an extremely 
efficient conversion of glycolic acid to citric acid. 

Line 15 of Table II shows the fractions of the total quantity of glycolic 
acid metabolized (Line 3) which were apparently utilized for the formation 
of citric acid. The first five figures agree closely with each other and sug- 
gest that, on the average, a little more than one-third of the available gly- 
colic acid was so used. However, for reasons that are not apparent, the 
formation of citric acid was greatly stimulated in the second 24 hour period 
of the culture at pH 6, and the fraction metabolized to citric acid over the 
entire 48 hour period accordingly rose to 60 per cent. The desirability of 
the examination of leaves cultured in glycolate at pH 7 is obvious. 


DISCUSSION 


The present results provide confirmation of the observations of Zbinov- 
sky and Burris (16) on the behavior of glycolic acid labeled with C'* when 
administered to tobacco leaves. The high specific activity they found in 
the citric acid of leaves held in darkness after infiltration with glycolic acid 
correlates well with the greatly promoted synthesis of this substance under 
the conditions of the present experiments, and provides convincing evidence 
that enzymatic mechanisms exist whereby glycolic acid is readily converted 
to citric acid. Their observation that malic acid acquires only a little 
activity in darkness correlates with the observation that malic acid is nor- 
mally a substrate of reactions that lead to the synthesis of citric acid. The 
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drain upon malic acid at pH 3 and 4 of the culture solution in the present 


at instance was sufficient to prevent any accumulation of this substance; at 
id pH 5 and 6, however, accumulation of a small but significant amount oc- 
8s, curred during the first 24 hours. Later, however, malic acid diminished 
li again. It would appear that glycolic acid can be transformed into a sub- 
d. stance which is common to the mechanisms whereby both malic and citric 
i acids are produced. Furthermore, the small magnitude of the changes in 
~ the amounts of malic acid which occurred when glycolic acid was made 
- available indicates that this substance exerts a “sparing” action on the 
y- utilization of malic acid for the synthesis of citric acid analogous to that 
he observed when fumaric acid is supplied (25). 
™ A somewhat different interpretation of the behavior of malic acid in these 
of samples should not, however, be overlooked. It has been shown that the 
-" culture of tobacco leaves in citric acid at pH 5 and 6 gives rise to an in- 
- crease of malic acid (21). Thus, in a situation such as the present, in which 
he the formation of citric acid is notably promoted, there is a possibility that 
= the temporary increase of malic acid observed at pH 5 and 6 may have 
he arisen from glycolic acid in an indirect manner via citric acid rather than 
- more directly. 
- The stimulation of the formation of oxalic acid at pH 5 and 6 of the cul- 
ely ture solution would also be anticipated from the results of Zbinovsky and 
/ Burris, and provides confirmation of the suggestion of Kenten and Mann 
lie (13) that oxalic acid may arise from the further oxidation of the glyoxylic 
- acid produced by glycolic acid oxidase. However, the conversion of gly- 
ug colic acid to oxalic acid under the conditions of the present experiments was 
“a considerably less extensive than the conversion to citric acid. The in- 


sod crease of oxalic acid represented only 14 per cent of the glycolic acid metab- 
, olized (Table II, Line 3) in 24 and in 48 hours at pH 5, and only 11 and 9 


the per cent in the same time intervals at pH 6. Within the limits of error, 
r of these are constant fractions of that part of the glycolic acid which under- 
went chemical change over this pH range. Nevertheless, the demonstra- 
tion that such a conversion may occur throws far more light than has hither- 
to been available upon the origin and position of oxalic acid in the general 
ll metabolism. Taken together with earlier observations of the stability of 
hen oxalic acid administered to the leaves (22), as well as with the results of 
1 in Zbinovsky and Burris, who noted almost negligible effects when labeled 
= oxalic acid was supplied to tobacco leaves, this substance appears to origi- 


nate from glycolic acid and is definitely an end-product of the organic acid 


rs metabolism. 

. One further point merits attention; namely, the apparently lower level 
ttle of total metabolism in the leaves cultured at pH 5 as shown by the loss of 
<f organic solids. The pH of this culture solution is so close to the acidity 
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of extracts of the control sample that the acquisition of a substantial quan- 
tity of buffered solution should present no problem with respect to the main- 
tenance of a suitable pH reaction of the cell contents. Thus, one might 
expect to find evidence of diminished metabolic stress during culture at pH 
5. On the other hand, when equally large quantities of glycolic acid buf- 
fered at pH 6 are taken up, the cells might be assumed to respond to the ex- 
cess of alkali with the promotion of reactions such that the loss of carboxy] 
groups is minimized. In the sample cultured for 48 hours at pH 6, the 
loss of titratable acidity (Table II, Line 6) from the system was less than 
one-half of that observed at pH 5, and the synthesis of citric acid from gly- 
colic acid by reactions that apparently involved no loss of titratable acidity 
was greatly promoted. Such reactions may well require the expenditure 
of additional respiratory energy and this is shown to have occurred (Table 
II, Line 2). 

At pH 4 or below, however, the problem is to deal with an excess of acid- 
ity. The response of the leaves was apparently to minimize the uptake of 
glycolic acid (Table I, Line 7). There was no strikingly increased loss of 
organic acidity at pH 4 by what may have been decarboxylation reactions 
(Table II, Line 6), as has been observed to occur when malic acid is admin- 
istered to the leaves under similar circumstances (24), but the extracts of 
the samples cultured at pH 3 became distinctly more acid (Table I, Line 6), 
and the expenditure of respiratory energy appears to have been increased. 
Nevertheless, attractive as this hypothesis may be, it fails to account for 
the minimized hydrolysis of the protein at pH 5, a response that appears to 
be unique for the case of tobacco leaves cultured in glycolic acid. 

At the present time, it is futile to discuss possible enzymatic mechanisms 
in the leaf cells whereby such transformations as have been observed may be 
brought about. Knowledge of the organic acid composition of the leaves 
is still notably incomplete, since techniques have not yet been developed for 
the examination of fresh tissue so that changes of volatile and of unstable 
acid components can be measured. Such components may well occupy key 
positions in the actual reactions which occur in the cells. 


Grateful acknowledgment is made to Marjorie D. Abrahams, Katherine 
A. Clark, and Laurence 8S. Nolan for technical assistance, to Dr. Israel 
Zelitch and Dr. David G. Wilson for practical aid and helpful discussion, 
and to the National Science Foundation for a grant that supported a part 
of the expense of this investigation. 


SUMMARY 


Excised tobacco leaves (Nicotiana tabacum, var. Connecticut shade- 
grown), when cultured in 0.2 m solutions of potassium glycolate, take up 
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only small amounts of glycolic acid at pH 3 but increasingly large amounts 
at pH 4and5. The uptake at pH 6 is approximately the same as at pH 5. 
At pH 4, 70 per cent of the glycolic acid acquired in 48 hours is rapidly me- 
tabolized and, at pH 5 and 6, this figure rises to nearly 90 per cent. Gly- 
eolic acid thus ranks with succinic acid as an extremely active metabolite 
in the tobacco leaf. The main product of the metabolism is citric acid, 
and the stimulation of the formation of citric acid is such that this sub- 
stance accumulates in amounts comparable with those found when citric 
acid is itself supplied under the same conditions. However, a moderate 
and nearly constant fraction of the acquired acid is oxidized to oxalic acid, 
and there is a small increase in succinic acid as well as in a group of acids, 
present in small proportions, the identity of which is still incompletely 
known. Glycolic acid is thus apparently capable of being metabolized in 
the tobacco leaf by mechanisms which lead to the accumulation, in addi- 
tion to citric acid, of numerous products in small amounts. Although some 
of these substances may ultimately be found to fit into a general metabolic 
scheme of which citric acid is the final and major product, the formation of 
oxalic acid appears to represent a side reaction. 

With the exception of oxalic acid itself, glycolic acid is the only organic 
acid hitherto studied by the excised leaf culture technique which contributes 
to the accumulation of oxalic acid in tobacco leaves. Glycolic acid is, there- 
fore, a possible source of the substantial amounts of oxalic acid normally 
found in this species. 
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URINARY EXCRETION OF METHYLMALONIC, 
a,a-DIMETHYLSUCCINIC, AND OTHER 
ETHER-SOLUBLE ACIDS IN RATS* 


By L. A. BARNESS, H. MOEKSI, anv P. GYORGY 


(From the Department of Pediatrics, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, September 12, 1955) 


Dietary liver necrosis in rats can be prevented or modified by the addi- 
tion to the diet of cystine or vitamin E or of several antibiotics, in par- 
ticular Aureomycin or penicillin (1). Metabolic products of rats fed the 
basal diet which produces necrosis are modified by the addition of these 
supplements. 

A variation in the urinary excretion of certain ether-soluble acids was 
noted (2). Two of these acids were previously identified (2) as methyl- 
malonic acid, which had been reported in rat urine, and a,a-dimethyl- 
succinic acid, not previously found in biological fluids. 

Further investigations have been made of the urinary excretion of these 
ether-soluble acids in rats fed similar diets and similar supplements. 


Method 


The methods used are essentially the same as those previously described- 
Male weanling rats (Sprague-Dawley) weighing approximately 45 gm. were 
kept in individual cages and given the basal necrogenic diet! with a daily 
vitamin supplement. Aureomycin-HCl (Lederle) 25 mg., penicillin (N ,N’- 
dibenzylethylenediamine, Wyeth) 5 mg., cystine 25 mg., or vitamin E 0.5 
mg. was added to the daily rations of the treated groups of animals. In 
addition, one control group of rats was fed a complete non-necrosis-pro- 
ducing diet, laboratory chow (Purina). 

Urine, collected from each rat under toluene, was acidified, and extracted 
with ether continuously for 3 hours (3, 4). The ether was evaporated and 
an aliquot of the residue was placed on Whatman No. 1 chromatogram 
paper. Chromatograms were developed with butanol, acetic acid, and 
water (4:1:1), dried, examined under fluorescent light, and sprayed with 
brom cresol green for identification of the acids. 5 wmoles of the acid ex- 


*Supported by the Subcommittee on Liver of the Advisory Committee on Me- 
tabolism, through Army contract No. DA-49-007-MD-78, Office of the Surgeon Gen- 
eral of the United States Army. 

1 The basal diet consists of corn-starch 79, bakers’ yeast 18 (“‘vitamin B; yeast,”’ 
Distiller’s Corporation, Ltd., Glasgow), salt mix No. 2, U. S. P. 3, and peanut oil 
0.5. Approximately 8 gm. were fed daily. 
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tract were placed on similar paper and developed with the same reagents, 
Without having been sprayed, 1 cm. squares were cut from the paper with 
controls above and below the desired Rp and eluted with ether, which was 
evaporated. The residue was dissolved in 1 ml. of water and titrated with 
0.001 n NaOH, and the relative concentrations of acids at each Rr were 
determined. 

For preparation of the individual acids, large quantities of rat urine were 
extracted with ether, and the dried extract was placed on a 9 mm. X 150 
mm. Dowex 1 X 10 (CI-) column and eluted in 12 ml. fractions with in- 
creasing concentrations of hydrochloric acid at 25°. Almost all the acids 
were eluted in 15 liters of wash. Final concentration of hydrochloric acid 
was 0.02 nN. Succinic acid was isolated by using a similar Dowex 1 X 10 


TaB_Le [| 


Daily Urinary Excretion of Ether-Soluble Acids (ESA) by Rats on Necrogenic Diet 
for 50 Days 
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Supplement to basal diet a | ESA | at X 10 
| pumoles 
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Cystine..... Nieewat ¢ Ses serie 5 | 136 + 14.2 86 + 10.6 
Chow (complete diet)......... 4 156+ 19.8 | 59 + 8.7 








column in formate form and eluting with 700 ml. of formic acid of increasing 
strength to 0.6 N. Fractions from this column were 3 ml. 
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The elutions were lyophilized, and the solids were taken up in small | 


amounts of water, from which the acids were crystallized, and identified 
by elemental analysis, mixed melting point, and paper chromatography. 

Total ether-soluble acids of the urine were titrated with 0.1 N NaOH. 
Other chemical determinations were previously described (2). 


Results 


Ether-soluble acid excretion of these groups of rats was similar to that 
previously described, typical daily ether-soluble acid excretion results being 
presented in Table I. It is notable that the animals that were fed a com- 
plete diet (chow) and those fed the necrosis-producing diet supplemented 
with Aureomycin, penicillin, or cystine had significantly lower ether-soluble 
acid excretion than the rats fed the necrosis-producing “‘basal’’ diet alone 
or the “basal” diet supplemented with vitamin E. 

Following paper chromatography of the ether-soluble acids, four acidic 
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spots were identified (Table IT). All of the acids seen on the chromatogram 
have now been identified. 

The acid spot of Rr 0.95 is due to a,a-dimethylsuccinic acid. The 
rats on a “basal” diet or on a diet supplemented with vitamin E excrete 
proportionally little of this acid. The rats on the chow diet, or on a “basal” 
diet supplemented with Aureomycin, penicillin, or cystine, excrete approxi- 
mately 50 per cent of their ether-soluble acids in this form. Because the 
relative amounts of each acid were determined after eluting from chromato- 
gram paper, it cannot be stated with certainty that the absolute amount of 











a,a-dimethylsuccinic acid is different in the animals that were fed the six 
different supplements. 
TaB_e II 
Paper Chromatogram* of Ether-Soluble Acids (Per Cent) 
Rr 
Supplement to basal diet 
0.45 0.80 0.86 0.95 

Sin: cet seeenee oaaeen Famed 5 5 75-80 (76) 10-15 (14) 
SS TORE eT ey 5 5 75-80 (78) 10-15 (12) 
OI oon 0094 dec aen 10 25-30 (26) 15-40 (32) 30-60 (32) 
NE tence cahy ald tai 10 25-30 (28) 15-40 (24) 20-50 (38) 
NE A gots. pbakontik kl 10 25-40 (26) | 15-40 (21) | 10-50 (43) 
Ne a siniche'ng Lida Bovine 10 | 25-40 (27) | 15-40 (26) | 10-50 (37) 




















* Extracts were placed on Whatman No. 1 chromatogram paper and developed 
| with butanol, acetic acid, and water (4:1:1). 10cm. squares of paper were cut in the 
areas of the Rp stated, eluted with ether, and titrated with 0.001 Nn NaOH. The 
| values represent the range of eight determinations, those in parentheses being the 
|means of these determinations. 


| 

The spot of Rr 0.86 is composed of two acids: a non-fluorescent acid 
which has been identified as methylmalonic acid and a fluorescent acid 
which is hippuric acid. The hippuric acid excretion of all groups is approx- 
imately equal (2). The methylmalonic acid excretion, however, accounts 
for approximately 70 per cent of the total ether-soluble acid excretion of 
the rats on the “basal” diet and of the rats on the vitamin E-supplemented 
diet, but only approximately 10 per cent of the total ether-soluble acid ex- 
cretion of the rats on the chow diet, or of the rats on the “basal” diet sup- 
plemented with Aureomycin, penicillin, or cystine. 

The spot of Ry 0.80 was found to be due to two acids: succinic acid in 
the Aureomycin, penicillin, and cystine-supplemented groups of rats and a 
mixture of succinic acid and cis-aconitic acid in the rats that were fed the 
chow. There is almost no spot of Rr 0.80 in the rats on the “basal” diet 
or the ‘‘basal” diet supplemented with vitamin E. 
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Spot R, 0.45, which was previously reported, has been found to be due to 
the technique of extraction and not to a constituent of urine. 

In summary, rats that were fed the “basal” diet or the “basal” diet sup- 
plemented with vitamin E excrete relatively large quantities of ether-soluble 
acid, most of which is methylmalonic acid. Rats fed the “basal” diet sup- 
plemented with Aureomycin, penicillin, or cystine or rats fed a complete 
diet excrete relatively smaller amounts of ether-soluble acids. These acids 
consist largely of succinic and a,a-dimethylsuccinic acids and of little 
methylmalonic acid. 

Since animals on the “basal” diet supplemented with vitamin E usually 
excrete large quantities of ether-soluble acids, while those on diets supple- 


TABLE III 


Effects of Additions of Aureomycin to Vitamin E-Supplemented Animals and of 
Vitamin E to Aureomycin-Supplemented Animals on Daily Ether-Soluble 
Acid Excretion (ESA) 





E 
— X 10 


san Creatinine 





Diet supplement 





Rat No.* | 








| Average} Range Average| Range 








| | 
pmoles umoles | 
| 





| 
ee a ee a 051-664 | 514 | 190-890 | 215 | 89-350 
«4 Aureomycin.............| 655-659 | 236 | 140-308 | 92 | 72-110 
ES SITE Naa | 640-643 | 152 | 138-166 | 49 | 43-69 
« 4 wWihentin Bl... .ccsccccd 645-648 | 186 | 132-224 | 62 | 43-87 


* Rats 651 to 659 were fed diets supplemented with vitamin E for 60 days. Rats 
640 to 648 were simultaneously pair-fed similar diets, supplemented with Aureomy- 
cin. After the 60th day, Aureomycin was added to the vitamin E-supplemented 
diet of Rats 655 to 659, and vitamin E was added to the Aureomycin-supplemented 
diet of Rats 645 to 648 for 21 days (diet Day 61 to 81). Ether-soluble acid excretion 
was measured simultaneously in the sixteen rats on Days 74 to 81. 





mented with Aureomycin always excrete small quantities of ether-soluble 
acids, these supplements were fed simultaneously. One group of eight 
rats was fed the “basal” diet plus vitamin E for 60 days, and another group 
of eight rats simultaneously was pair-fed a “basal” diet plus Aureomycin. 
Then, four rats of the vitamin E-supplemented group had Aureomycin 
added to their rations for 21 days, and four animals of the group with Aure- 
omycin had vitamin E added to their rations for 21 days. The other rats 
of each group remained on the original supplement. 

The results (Table III) indicate that the high ether-soluble acid excretion 
of rats fed vitamin E can be reversed to a low level when Aureomycin is 
added to the ration. In contrast, the low urinary excretion of ether-soluble 
acids by rats on an Aureomycin-supplemented diet is not affected by the 
addition of vitamin E to the ration. 
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aia Fig. 1 presents a graph of the data of rats on a “basal” diet intermittently 
e supplemented with Aureomycin and penicillin. It is seen that Aureomycin 

depresses ether-soluble acid excretion and that acid excretion increases when 
sup- 
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Fig. 1. Effect of intermittent Aureomycin and penicillin administration on ether- 
pa soluble acid excretion. 

-69 TaBLe IV 
8 Daily Ether-Soluble Acid Excretion* of Rats on Stated Diets Supplemented with 
Rat Ether-Soluble Acids (10 Mg. per Rat per Day) 

ats 
-omy- Acid supplement 
ented —— diet Di 
t a,a-Di- P 
— sigs ence None imethy!-| None Aconitic None | Citric | None |Succinic| None a. 
eee ee ke ee 
ts scteinsa.s ais 262 | 157 | 214 | 231 150 | 159 | 165 | 206 | 175 | 222 

luble | Vitamin E...... 145 | 114 | 129 | 207 | 158 | 208 | 219 | 175 | 230 | 224 
eight Aureomycin....| 82 | 67 | 38 72 40 51 45 46 35 45 

rroup | —— RRR . 
at * All the values are (ESA/creatinine) X 10, and are the averages of the results of 

y —_ six animals, a number too small to allow valid statistical analysis with the scatter 

nycin observed. The acids were fed successively to the same animals. Each acid was 

Aure- fed for 2 weeks, followed by 2 weeks of the stated diet without acid supplement. 

r rats Acid excretion was measured during the last 3 days of feeding of each supplement. 

sities the animal is taken off Aureomycin and fed only the “basal” diet. Simi- 

‘an te larly, a supplement of penicillin decreases acid excretion, and such excretion 

sluble again increases when penicillin is removed from the diet. 

y the An attempt was made to determine whether any of these acids was toxic 

or a cause of liver disease. Pure preparations were obtained or synthe- 
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sized? and fed to the rats successively on the different diets, as recorded in 
Table IV. a,a-Dimethylsuccinic acid decreases slightly the total acid ex- 
cretion in the animals on the “basal” and vitamin E-supplemented diets, 
and succinic acid decreases slightly the total acid excretion of the animals 
on the vitamin E-supplemented diet. cis-Aconitic acid increases acid ex- 
cretion slightly in all the groups. No change was detectable in the clinical 
appearance of the rats. Furthermore, paper chromatograms following the 
acid feedings indicated that much of each acid that was fed was apparently 
excreted unchanged. 


DISCUSSION 


The high ether-soluble acid excretion of the rats on the basal necrogenic 
diet and on the vitamin E-supplemented diet appears to be abnormal, since 
the rats fed a chow diet have a low acid excretion. Likewise, the excretion 
of the individual acids by animals on a diet supplemented with vitamin E 
is similar to that of animals on the “basal” diet, whereas the acids excreted 
by rats on a diet supplemented with Aureomycin, penicillin, or cystine are 
similar to those of rats on the chow diet. Since vitamin E is the supplement 
which best protects a rat on the “basal” diet from developing liver necrosis, 
it appears that ether-soluble acid excretion per se is not related to dietary 
liver necrosis. 

A high level of ether-soluble acid excretion and excretion of methylmalo- 
nic acid, therefore, must be a manifestation of a metabolic abnormality of 
rats fed a basal necrosis-producing diet. Furthermore, Aureomycin, peni- 
cillin, and cystine correct this abnormality, but supplements of vitamin E 
do not. As yet, it has not been determined whether the correction of this 
abnormality is owing to a supplementation of a dietary deficiency, an effect 
of antibiotics on the intestinal flora (6, 7), or a direct metabolic antibiotic 
effect. The mode of action of these substances can be determined, finally, 
only by a study of germ-free animals. At present, however, a metabolic 
effect of the antibiotics seems the most likely hypothesis because of the 
duration of the effect. 

The long and persistent effect of Aureomycin and penicillin is unusual. 
Several systems (8, 9) have been examined for a long term antibiotic effect. 
For example, Huerga et al. (8) found that Aureomycin depresses trimeth- 
ylamine excretion after oral administration of choline, but that this de- 
pression is spontaneously reversible after about 10 days. This escape effect 
was also noted in rats by Cunningham‘ in our laboratory. The depression 

2a@,a-Dimethylsuccinie acid was prepared by treating dimethyldihydroxyresor- 
cinol with potassium permanganate (5). Methylmalonic acid was kindly supplied 
by Dr. H. Mayer Kaupp of Heidelberg, and the remainder of the acids are available 
commercially. 

3 Cunningham, Charles, personal communication. 
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in 

2X- of ether-soluble acid excretion for as long as a year in animals fed Aureo- 
ts, mycin or penicillin, and the return to high values when these drugs are dis- 
als continued is the first long term effect of continuous administration of 
eX- Aureomycin or penicillin that has been noted. 

cal The particular ether-soluble acids found are unusual. Succinic acid has 


the been reported in normal human and rat urine (10, 11) and is a normal fer- 
tly mentation product of yeast (12). It presumably is a normal metabolic 
product. Its absence from the urine of rats on the “basal” diet or the 
“basal” diet supplemented with vitamin E suggests a deficiency in the 
Krebs cycle in the latter animals. While the status of methylmalonic acid 


nic in the Krebs cycle is as yet undetermined, its close relationship to malonate 
nce also suggests involvement of the Krebs cycle. As none of the acids, at 
ion least in the doses fed, had any obvious effect on the metabolism or well 


1E being of the rats, these acids cannot be considered metabolic poisons of the 
ted Krebs cycle. 


are The source of methyl malonate is unknown. Methyl malonate was re- 
ent ported in normal rat urine and was found increased following anthracene 
sis, poisoning (13). Recently, considerable interest in methylmalonic acid has 
ary developed as a result of the work of Coon (14) and others. Flavin (15) 


and Katz and Chaikoff (16) have reported the formation of methylmalonic 
alo- acid from propionate and carbon dioxide, and Coon (14) has proposed that 


y of methyl malonate or its coenzyme A thiol ester may be a product of valine 
eni- metabolism. As the yeast in the “‘basal” diet contains 5.3 per cent valine 
nE (17), this could well be a source of the dicarboxylic acid. It is of interest 


this in this regard that several investigators (18, 19) have suggested that co- 
fect enzyme A may be deficient in rats developing liver necrosis. 


otic The source of a,a-dimethylsuccinic acid in rats is unknown. It is not 
uly, known to occur naturally in biological fluids. Because a,a-dimethyl- 
yolic succinic acid has been isolated as an oxidative product of vitamins A and 


the | Bi, limited experiments were performed with low vitamin A, high vitamin 
A, and high 8-ionone supplements to the “basal” diet, without appreciable 


ual. change in ether-soluble acid excretion. Vitamin By: is an unlikely source 
fect. of these acids, as there was no vitamin By, in the diet. 

eth- cis-Aconitic acid was isolated only from the urine of rats fed a chow diet. 
de- It has previously been found in normal human urine (10). Because of 


fect | finding it only in the animals on a normal diet, few studies have been car- 
sion | ried on with this acid. The reason for its absence in the urine of rats fed 
esor- | the basal necrogenic diet with or without supplements remains obscure. 

plied 
lable SUMMARY 


1. Urine of rats fed a liver necrosis-producing diet, or this diet supple- 
mented with vitamin E, contains the following ether-soluble acids: succinic, 
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methylmalonic, a,a-dimethylsuccinic, and hippuric. Quantitatively, to- 
tal ether-soluble acid excretion is high, chiefly owing to a large amount of 
methylmalonic acid. 

2. Urine of rats fed the same diet supplemented with Aureomycin, peni- 
cillin, or cystine contains the same acids. Urine of rats fed a chow diet, 
in addition, contains cis-aconitic acid. Total ether-soluble acid excretion 
of all these groups of animals is low, and the predominant acid is a,a-di- 
methylsuccinic, the source of which is unknown. 

3. None of these acids, when fed to the rats, was found to be toxic, 

4. The best protection against dietary liver necrosis resulted from vita- 
min E supplementation. Aureomycin, penicillin, and cystine supplements 
were less consistently effective. No common factor in these five diets and 
supplements was found to explain protection against dietary necrosis. 

5. The effect of Aureomycin or penicillin on ether-soluble acid excretion 
is prolonged. This effect was noted for a year on continuous administra- 
tion, disappeared when the drug was withheld, and reappeared upon re- 
starting its administration. No other effect in vivo of Aureomycin or peni- 
cillin has been noted to persist for this length of time. 
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CONVERSION OF CINNAMALDEHYDE TO 
STYRENE BY A YEAST MUTANT 


By S. L. CHEN anp H. J. PEPPLER 


(From the Biochemical Laboratory, Red Star Yeast and Products Company, 
Milwaukee, Wisconsin) 


(Received for publication, November 4, 1955) 


During our investigation on the metabolism of biochemical mutants of 
yeast (Saccharomyces cerevisiae), we found that one mutant (strain 3212) 
produced an abnormal, unpleasant odor during fermentation in the pres- 
ence of cinnamaldehyde. The compound associated with the obnoxious 
odor was isolated and identified as styrene. Since this unusual formation 
of a hydrocarbon during yeast fermentation has not been described pre- 
viously in the literature, our observations are reported in this paper. 


EXPERIMENTAL 


Isolation and Identification of Styrene from Fermented Medium—aA syn- 
thetic medium of the following composition was used as charge for yeast 
fermentation: sodium succinate 2.8 gm., succinic acid 7 gm., asparagine 
20 gm., ammonium sulfate 5 gm., monobasic ammonium phosphate 6 gm., 
potassium chloride 4 gm., zinc sulfate 0.3 gm., ferrous ammonium sulfate 
25 mg., manganese sulfate 20 mg., copper sulfate 20 mg., inositol 0.4 gm., 
biotin 400 y, pyridoxine 25 mg., thiamine 25 mg., and calcium pantothenate 
25mg. These ingredients were dissolved in 4 liters of saturated aqueous 
solution of cinnamaldehyde and seeded with 520 gm. of strain 3212 press- 
cake (30 per cent solids). The carbon source provided was composed of 30 
per cent sucrose in saturated cinnamaldehyde solution; it was fed continu- 
ously into the fermentation tank at a rate of 100 ml. per hour. Since a high 
concentration of cinnamaldehyde in the medium was known to inhibit 
yeast fermentation, it was avoided in this manner during the 12 to 14 hour 
fermentation. 

Preliminary attempts to concentrate the harsh smelling compound by 
vacuum or steam distillation were unsuccessful. Isolation was finally ac- 
complished by attaching a dry ice trap to the closed fermentor and flushing 
the medium with nitrogen during fermentation to remove the volatile sub- 
stances. About 1 to 2 ml. of the compound was isolated from 5 liters of 
medium during a 12 hour fermentation. 

The isolated compound was identified as styrene from its ultraviolet ab- 
sorption spectrum, shown in Fig. 1, and from its physical constants as well 
as from the melting point of its brominated derivative (Table I). 
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Mechanism of Styrene Formation—The mechanism for the conversion of 
cinnamaldehyde into styrene by yeast fermentation is only partly under- 
stood. It was first thought that cinnamaldehyde might be oxidized to 
cinnamic acid which was then converted to styrene by simple decarboxyla- 
tion as shown in the accompanying structure. To test this hypothesis, 
the formation of cinnamic acid was measured by the change in the ultra- 
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Fig. 1. Comparison of the ultraviolet absorption spectra of ‘‘unknown” (O) and 
styrene (solid line). Measurement made in absolute ethanol. The absorytion 
maxima at 248 my in both curves were adjusted to the same height for comparison. 


TABLE I 
Physical Properties of Unknown Substance 


The melting point of the dibromide derivative was 74-75° for ‘‘cunknown”’ and 
styrene. 








M.p. | B.p. | Sp. gr. Refractive index 
C. C. 
‘“‘Unknown’’...............| —83 to —35 140-141 0.888 1.540 
ees Te 145 0.906 1.547 





violet absorption spectrum of the medium during the incubation of strain 
3212 with cinnamaldehyde in sucrose-phosphate buffer medium. Fortu- 
nately, the absorption maxima of cinnamyl alcohol, cinnamic acid, and 
cinnamaldehyde differed widely enough for easy identification. The wave- 
lengths of maximal absorption and the molar extinction coefficients of 
these compounds in aqueous medium are as follows: cinnamy] alcohol, 250 
my, E = 1.70 X 10‘; cinnamic acid, 271 my, E = 2.97 X 104; cinnamalde- 
hyde, 291 to 292 my, FE = 2.30 X 10. 
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All measurements were made in the following system: 2 ml. of a 10 per 
cent sucrose solution, 1 ml. of phosphate buffer (0.1 m, pH 6.0), 2 ml. of 
aturated solution of cinnamaldehyde (1:25 dilution), 0.5 ml. of yeast sus- 


| pension (0.15 per cent), and 1.5 ml. of distilled water. The experimental 


mixtures were incubated at 30° for various lengths of time, at the end of 
which 5 ml. of 20 per cent perchloric acid were added to stop the reaction. 
Lach measurement was corrected with a proper blank in which the addition 
of cinnamaldehyde was withheld until perchloric acid had been added at 
the end of the incubation period. Yeast cells were removed by centrifuga- 
tion, and the ultraviolet absorption spectra of the supernatant fractions 
were measured. The difference between each incubated supernatant frac- 
tion and its respective blank is plotted in Fig. 2 which shows the change in 
the ultraviolet absorption spectrum during the incubation period. The 
progressive decline of the cinnamaldehyde absorption maximum at 290 to 
295 my accompanies a simultaneous increase in the peak at 245 to 250 mu. 
There is no increase in the cinnamic acid absorption peak at 271 my, which 
indicates that, if the oxidation of cinnamaldehyde to cinnamic acid occurs 
during fermentation, none of the latter accumulates. The increase in the 
peak at 245 to 250 my must be due in part to styrene, the absorption max- 
imum of which is at 248 my. Cinnamy] alcohol might contribute to part 
of this peak, because a similar increase in the peak at 245 to 250 my was 
also observed with another strain of yeast which did not convert cinnamal- 
dehyde to styrene. 

It was realized that the increase, if any, of the cinnamic acid absorption 


peak at 271 my during incubation could have been masked by the change 


of absorption of other components. To prove further that no cinnamic 
seid was accumulated in the fermented medium, 500 ml. of the fermented 
*nthetic medium were acidified and extracted with ether continuously 
‘or 48 hours. The ether fraction was then extracted with 5 per cent NaOH 
solution. The aqueous alkali solution was made acidic with concentrated 
HCl and reextracted with ether. A brownish oily substance was left after 
the evaporation of the ether. The ultraviolet absorption spectrum of the 
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residue was measured in absolute ethanol. No absorption peak at 271 My 
was observed. 

A similar experiment in which the fermentation medium was prepared 
with 0.25 per cent of sodium cinnamate instead of cinnamaldehyde also 
resulted in the formation of styrene by this strain. After the completion 
of the fermentation, the fermented medium was adjusted to pH 11.8 with 
NaOH and steam-distilled. The ultraviolet absorption spectrum of the 
neutralized steam distillate showed a conspicuous peak of cinnamaldehyde 
at 291 my. It is believed, therefore, that in this case the reduction of ¢in- 
namic acid to cinnamaldehyde is involved. 

Related saturated compounds, such as hydrocinnamic aldehyde, hydro- 
cinnamic acid, and hydrocinnamic alcohol, exhibit an absorption peak at 
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Fig. 2. Change of ultraviolet absorption spectrum during incubation of strain 
3212 with cinnamaldehyde for 10 minutes (X), 30 minutes (O), and 60 minutes (@). 


260 mu, but no significant increase of absorption at this wave-length was 
detected during incubation. It is evident that the hydrogenation of the 
a,8 double bond of cinnamaldehyde was not involved in this conversion 
of strain 3212. 

Another possible mechanism for the conversion of cinnamaldehyde to 
styrene would be the transient formation of cinnamaldehyde hydrate fol- 
lowed by cleavage to styrene and formic acid. If this mechanism is in- 
volved, it might be possible to measure the formic acid produced during 
fermentation because formic dehydrogenase and hydrogenylase activity 
had been found absent in this strain. The detection of formic acid in the 
distillate from the fermented medium containing cinnamaldehyde was at- 
tempted with a microcolorimetric method based upon the chromotropic 
acid-formaldehyde reaction (1). With this method, 2 ml. samples were 
first acidified with 1 ml. of 2 n HCl, after which 25 mg. of Mg powder were 
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CH:CHC: 5 
HC-0 CHICHC OH 
+ H30 — 


CH:CHo 
Ree + HCOOH 


uded. After reduction had been completed, 5 ml. of HeSO,-chromotropic 
yid reagent (13.3 m, containing 2 gm. of chromotropic acid per 500 ml.) 
yere added and heated in a boiling water bath for 30 minutes. Although 
he method is particularly applicable to yeast fermentation distillate, since 
he presence of ethyl alcohol has no effect on color development and formic 
yid recovery, no free formic acid could be demonstrated. 


DISCUSSION 


The biochemical reduction of cinnamaldehyde to cinnamyl alcohol by 
grmenting yeast has long been known (2). Fischer and Wiedemann (3) 
ported that the cinnamy! alcohol thus formed can be further reduced by 
menting yeast to hydrocinnamic alcohol. Similar hydrogenation of 
ither a ,8-unsaturated primary alcohols has been reported (4). However, 
biochemical oxidation of aldehydes by fermenting yeast is less understood. 
Black (5) isolated a purified preparation of a pyridine nucleotide-dependent 
ildehyde dehydrogenase from yeast. It was most active in oxidizing acet- 
idehyde, but it was rather slow with an aromatic aldehyde, such as benz- 
idehyde, or an a,8-unsaturated aldehyde, such as crotonaldehyde, and 
totally inactive with salicylaldehyde. 

Our inability to detect cinnamic acid formation during the incubation 
if strain 3212 with cinnamaldehyde would seem to indicate that, if the 
wxidation of cinnamaldehyde to cinnamic acid occurs, its decarboxylation 
annot be a rate-limiting step in styrene formation. While the fact that 
the cinnamaldehyde absorption peak appeared in the steam distillate of 
the fermented medium to which only cinnamic acid had been added does 
not necessarily indicate that cinnamaldehyde is the intermediate between 
tinnamic acid and styrene, it does show that cinnamaldehyde was produced 
fom cinnamic acid during fermentation. Failure to detect free formic 
wid in the distillate of fermented medium does not rule out the direct 
deavage of cinnamaldehyde hydrate to styrene and formic acid, because 
the transfer of formyl groups to compounds such as amino acids is quite 
conceivable in a biological system. 


SUMMARY 


A biochemical mutant of Saccharomyces cerevisiae (strain 3212) can con- 
vert cinnamaldehyde to an unsaturated aromatic hydrocarbon, styrene, 
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during active fermentation. The possible mechanism of this reaction is 
discussed. 
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FURTHER OBSERVATIONS ON THE BIOSYNTHESIS OF 
t-ASCORBIC ACID FROM pv-GLUCOSE IN THE RAT* 


By J. J. BURNS anno E. H. MOSBACH 


(From the Research Service, Third (New York University) Medical Division, the 
Research Service, First (Columbia University) Medical Division, Goldwater 
Memorial Hospital, New York, New York, and the Laboratory of Chemical 
Pharmacology, National Heart Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, November 25, 1955) 


Previous studies showed that the intact carbon chain of glucose can serve 
as a precursor for the synthesis of ascorbic acid in the rat (1-3). Evidence 
for such a precursor relationship came from experiments in which glucose 
tracers labeled in carbon 1 and carbon 6 were administered to rats, and the 
i-ascorbie acid isolated from urine was labeled predominantly in carbon 6 
and carbon 1, respectively. This type of labeling in the ascorbic acid mole- 
cule would be expected if the glucose carbon chain is converted without 
fragmentation to ascorbic acid. These studies were carried out in rats in 
which the synthesis of ascorbic acid was markedly accelerated by the ad- 
ninistration of the hypnotic drug Chloretone. No information was avail- 
able, however, on the precursors of ascorbic acid in the normal rat. For 
this reason, in the present study the incorporation of glucose-1-C™ into 
urinary ascorbic acid was compared in normal and Chloretone-treated rats. 
The results presented in this paper indicate that glucose is a precursor of 
ascorbic acid in normal rats as well as in Chloretone-treated rats. 


EXPERIMENTAL 


Radioactive Material—Glucose-1-C™ was obtained from the National Bu- 
rau of Standards, Washington, D. C., and had a specific activity of 1.0 ue. 
per mg. 

Experimental Animals—Male albino rats of the Wistar strain, weighing 
250 to 300 gm., were maintained on a basal diet of evaporated milk for 8 
days before each experimental period. The Chloretone-treated animals 
were given 45 mg. of the drug by stomach tube as a homogenate in 1 ml. 
of evaporated milk daily for at least 4 days prior to the injection of the 
labeled glucose. 

Isolation Procedures—Urine samples were preserved in 5 ml. of 10 per 
cent oxalic acid and the amount of ascorbic acid excreted was determined 
by titration with indophenol dye (4). The ascorbic acid was separated 

* This investigation was supported in part by a grant from the Josiah Macy, Jr., 
Foundation, New York. 
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from each urine sample after addition of a weighed quantity of carrier 
ascorbic acid (150 to 300 mg.) by an ion exchange method (4). The as. 
corbic acid was isolated either as the crystalline compound or as its 2,4. 
dinitrophenylosazone derivative: the former was recrystallized from a meth- 
anol-ether-ligroin solvent mixture and the latter from an acetone-alcohol 
solvent mixture (4). 

Degradation Procedures—.-Ascorbic acid was degraded as follows: car- 
bon 1 was obtained as CO, by decarboxylation of L-ascorbic acid with hot 
mineral acid and carbon 6 was obtained as formaldehyde by periodic acid 
degradation of its 2 ,4-dinitrophenylosazone derivative (3). 

Radioactive Determination—Preparation of samples and their assay for 
C* were carried out as described previously (4). 

Radioactive Experiments—The conversion of p-glucose-1-C™ to ascorbic 
acid in normal rats was determined in three experiments, two animals being 


TaBLeE I 
Radioactive Purity of u-Ascorbic Acid Isolated from Urine of Normal Rats 














Specific activity 
Collection period No. of crystallizations 
Ascorbic acid Osazone* 
hrs. c.p.m. per mmole c.p.m. per mmole 
0-24 4 3270 3760 
24-72 3 3640 3350 








* 2,4-Dinitrophenylosazone derivative of L-ascorbic acid. 


employed in each. In Experiment R-1, each rat received 25 mg. of glucose- 
1-C* by intraperitoneal injection, and urine was collected from 0 to 24 and 
24 to 72 hours after the dose. The urine samples obtained from both rats 
during each collection period were pooled, and the ascorbic acid was isolated 
both as the crystalline compound and as its 2 ,4-dinitrophenylosazone deriv- 
ative. Radioactive purity was established by finding constant specific 
activity of the osazone and of crystalline ascorbic acid on successive 
crystallizations. In addition, both the ascorbic acid and its osazone deriv- 
ative had about the same molar specific activity (Table I). The two other 
experiments with normal rats (Experiments R-2 and R-3) were carried out 
in the same manner as Experiment R-1, except that urine samples were 
collected for a single 24 hour period after administration of glucose-1-C™. 
The conversion of p-glucose-1-C" to ascorbic acid in Chloretone-treated 
rats was determined in three animals. In Experiments R-4 and R-5, each 
rat received 10 mg. of glucose-1-C" by intraperitoneal injection, and urine 
samples were collected from 0 to 2.5 and from 2.5 to 24 hours after the 
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dose! Ascorbic acid was isolated from each urine sample as its 2,4-dini- 
trophenylosazone derivative which was recrystallized to constant specific 
activity. In Experiment R-6 the rat was fasted for 24 hours prior to the 
experiment and received 4.4 mmoles of non-radioactive glucose by stomach 
tube immediately before the intraperitoneal injection of 10 mg. of glucose- 
|-C“. The procedure used in the remainder of the experiment was identical 
to that in Experiments R-4 and R-5, except that urine samples were col- 
lected from 0 to 4 and from 4 to 24 hours after the dose.! 


RESULTS AND DISCUSSION 


The amounts of C“ incorporated in urinary ascorbic acid, during the 24 
hour period after administration of p-glucose-1-C to normal rats, ranged 
from 0.003 to 0.016 per cent of the administered C™ (Table II). In Experi- 


TaBLeE II 


Incorporation of C'* in Urinary Ascorbic Acid after Administration 
of p-Glucose-1-C™ to Normal Rats 








l | 
| Ascorbic acid | Per cent of dose in Per cent of total C« 


Experiment No. | Time excretion* ascorbic acid | i” ap he ye 
- fe | brs. | me. perdey | “ae ee, 
R-1 0-24 2.6 0.016 67 
| 24-72 2.4 (ee 4 61 
R-2 0-24 2.5 | 0.010 | 60 
R-3 | 0-24 1.0 0.003 51 


| | 





* Average ascorbic acid excretion per rat in each experiment. 


ment R-1, an additional 0.013 per cent of the dose was recovered in the 
urinary ascorbic acid during the 24 to 72 hour period. The values obtained 
for the per cent incorporation of p-glucose-1-C™ in normal animals are con- 
siderably below those reported when the tracer was administered to Chlore- 
tone-treated animals which averaged about 0.5 per cent of the dose (2). 
This is expected, since normal animals excrete only 1 to 2.6 mg. of ascorbic 
acid daily in the urine compared to 30 to 40 mg. for Chloretone-treated 
rats. The marked increase in urinary excretion of ascorbic acid in Chlore- 
tone-treated rats has been shown previously to result from an increased 
rate of ascorbic acid biosynthesis (4). 

The fraction of the total C™ in ascorbie acid fourid in carbon 6 varied 


‘In order to insure adequate urine sampling during the initial collection period, 
the animals were given 5 ml. of water by stomach tube 90 and 30 minutes before in- 
jecting the labeled compound. At the end of the collection period the animals were 
made to urinate by allowing them to inhale ether vapors. 
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from 51 to 67 per cent in the normal rat (Table II). In Experiment R-1 
the ascorbic acid isolated during the 0 to 24 and the 24 to 72 hour periods 
was found to have about 10 per cent of its total C“ in carbon 1. The 
finding that the major fraction of the C™ in ascorbic acid was present in 
carbon 6 is similar to the results reported previously when glucose-1-C™ 
was administered to Chloretone-treated rats (2,3). In this previous study, 
the ascorbic acid isolated from urine samples collected over a 24 hour pe- 
riod after the dose contained about 56 per cent of its total C™ in carbon 6 
and about 10 per cent in carbon 1. Since there is a similar distribution of 
C* in ascorbic acid isolated from the urine of normal rats and of Chloretone- 
treated rats, it appears that the pathway of biosynthesis in which the in- 


TaBLe III 


Incorporation of C'4in Urinary Ascorbic Acid after Administration 
of p-Glucose-1-C'4 to Chloretone-Treated Rats 








Experiment No. Time Ascorbic acid | Per cent of dose in | Fir cero acd 
carbon 6 

hrs. mg. 
R-4 0- 2.5 4.7 0.07 76 
2.5-24 40.2 0.43 64 
R-5 0- 2.5 3.1 0.03 75 
2.5-24 41.4 0.37 61 
R-6* 0-4 6.5 0.04 78 
4-24 22.4 0.10 62 




















* The rat was fasted for 24 hours prior to the experiment and received 4.4 mmoles 
of non-radioactive glucose by stomach tube immediately before injection of labeled 
glucose. 


tact carbon chain of glucose is employed is the same for both groups of 
animals. 

The administration of glucose-1-C' would be expected to give rise to 
ascorbic-6-C" acid if the glucose carbon chain is converted intact to ascorbic 
acid. The results obtained in normal and Chloretone-treated rats indicate 
that, although carbon 6 of ascorbic acid synthesized over 24 hours contains 
the major fraction of the total C“ in the molecule, appreciable radioactivity 
is also present in the other 5 carbon atoms. In order to obtain additional 
information on the conversion of glucose to ascorbic acid, the incorporation 
of C“ into urinary ascorbic acid was measured at different time intervals 
after administration of glucose-1-C™ to Chloretone-treated rats (Table III). 
In Experiments R-4 and R-5, the ascorbic acid collected during the 0 to 
2.5 hour period contained an average of 76 per cent of the total C™ in car- 
bon 6 compared to an average of 63 per cent for the ascorbic acid collected 





durin 
collec 
comp: 
hour 

few h 
that s 
distril 
which 
pectec 
durin 
ing in 
exam] 
recent 
for th 
perim 
acid v 
utilize 
acid. 


Th 
norm: 
1-C™, 
presel 
gluco: 
well 2 


1, Jac 


2. Ho 
3. Ho 
4, Bu 
5. Her 
6. Eis 


XUM 


R-1 
riods 
The 
it in 
1-C1u 
udy ’ 
r pe- 
on 6 
on. of 
;one- 
e in- 


tal Cu 
cid in 





moles 
ibeled 


ps of 


se to 
orbic 
licate 
‘tains 
tivity 
‘ional 
ation 
rvals 
TIT). 
» 0 to 
n car- 
lected 





J. J. BURNS AND E. H. MOSBACH 111 


during the 2.5 to 24 hour period. In Experiment R-6 the ascorbic acid 
collected during the 0 to 4 hour period contained 78 per cent in carbon 6 
compared to 62 per cent in the ascorbic acid collected during the 4 to 24 
hour period. These results, that the ascorbic acid synthesized within a 
few hours after the dose had a greater fraction of the C“ in carbon 6 than 
that synthesized over a 24 hour period, can be explained by a partial re- 
distribution of the C“ in the glucose pool during the 24 hour period within 
which glucose is converted to ascorbic acid. Accordingly, it would be ex- 
pected that the fraction of the C™ in carbon 1 of glucose would be maximal 
during the early period immediately after injection of glucose-1-C", result- 
ing in the formation of ascorbic acid labeled mainly in carbon 6. Other 
examples of such “‘randomization” of p-glucose-1-C™ in the body pool have 
recently been reported for the synthesis of glycogen in fasted rats (5) and 
for the synthesis of menthy!l glucuronide in rabbits (6). The present ex- 
periments, in which the incorporation of glucose-1-C into urinary ascorbic 
acid was measured at different times, furnish further evidence for the direct 
utilization of the intact carbon chain of glucose in the synthesis of ascorbic 
acid. 


SUMMARY 


The incorporation of C™ into urinary ascorbic acid was compared in 
normal and Chloretone-treated rats after the administration of p-glucose- 
|-C“. The major fraction of the total C™ in the isolated ascorbic acid was 
present in carbon 6, furnishing evidence that the intact carbon chain of 
glucose is utilized for the synthesis of ascorbic acid in the normal rat as 
well as in the Chloretone-treated rat. 
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CARBOXYMETHYLAMINO ACIDS AND PEPTIDES* 


By SAMUEL KORMAN}7{ anv HANS T. CLARKE 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, December 16, 1955) 


The valuable method of Sanger (1) for the labeling of terminal amino 
groups in peptides by means of dinitrofluorobenzene suffers from the dis- 
advantage that acid hydrolysis of the products is frequently attended by 
extensive decomposition of the resulting dinitrophenylamino acids (2). 
The study here reported was undertaken in order to explore the stability, 
under conditions of acid hydrolysis, of N-carboxymethy] (Cm-)! derivatives 
of amino acids, and the feasibility of their separation from natural amino 
acids. In both respects the results offer promise. 

In spite of our failure to include all natural amino acids in the survey 
and to obtain every product in crystalline form, we now present the results 
in the hope that they may find application in other laboratories. 

Cm-sareosine (3) and several a,a’-iminodicarboxylic acids such as oc- 
topin (4) and mono-Cm-alanine (5) and its homologues (6-9) have been 
described in the literature, but di-Cm-amino acids other than di-Cm-glycine 
(10) have received comparatively little attention. Michaelis and Schubert 
(11) prepared acid potassium salts of di-Cm-alanine, tetra-Cm-cystine, and 
Y-di-Cm-cysteine. They also described the preparation of S-Cm-cysteine 
by brief treatment of an alkaline solution of cysteine with potassium chloro- 
acetate; analogous reactions of cysteine with neutral iodoacetate had pre- 
viously been recorded by Dickens (12) and Rapkine (13). 


Cm-amino Acids 


The carboxymethyl group is conveniently introduced by treating amino 
acids with magnesium bromoacetate in an aqueous suspension of magne- 
sum oxide. In most instances, when an excess of the reagent is employed, 
two Cm- groups attach themselves to the a-amino nitrogen atom, the chief 
exception, besides proline, being aspartic acid, from which the mono-Cm- 
derivative was preponderantly formed under the conditions employed. 
Glutamie acid and phenylalanine yielded some mono-Cm- as well as di- 
(m- derivatives. Tyrosine gave two derivatives, in both of which the 

* From a dissertation submitted by 8. Korman in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy in the Faculty of Pure Science, Colum- 
bia University. 

t Atomic Energy Commission Predoctoral Fellow, 1949-52. 

1 Hereafter referred to as Cm-. 


113 








XUM 





114 CARBOXYMETHYLAMINO ACIDS AND PEPTIDES 


phenolic hydroxyl group had also been carboxymethylated. The substity- 
tion of the hydroxylic hydrogen atom of tyrosine was accompanied (Fig. 1) 
by abolition of the shift in the ultraviolet absorption spectrum caused by 
alkali, characteristic of phenols (14). However, alkali induces a general 
increase in absorption in the region of the maximum and at shorter waye- 
lengths. A similar effect was observed (Fig. 2) with phenylalanine. 

As was to be expected, the guanidino group of arginine does not react 
with bromoacetate; lysine, on the other hand, yields a tetra~-Cm- derivative. 
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Fia. 1 Fig. 2 


Fig. 1. Absorption spectra of tri-Cm-tyrosine. Curve 1, solvent, 0.1 n HCl; 
Curve 2, solvent, 0.1 n NaOH. 

Fic. 2. Absorption spectra of phenylalanine. Curve 1, solvent, 0.1 N HCl; Curve 
2, solvent, 0.1 n NaOH. 


Attempts were made to prepare e-di-Cm-lysine by the action of bromo- 
acetate upon the copper complex of lysine in a procedure analogous to that 
devised by Kurtz (15) for the synthesis of e-carbobenzyloxylysine. These 
were unsuccessful; substitution occurred at the a-amino group as well as 
at the terminal nitrogen atom. The desired compound, however, was se- 
cured, in the form of its mercuric derivative, from alanyllysylalanine. 
When treated with bromoacetate in the presence of MgO, cysteine and 
histidine, like tyrosine, react in their specific functional groups. ‘The re- 
action with the sulfhydryl group of cysteine is very rapid, as was found by 
Huggins and Jensen (16) in the case of iodoacetate; with histidine and 
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tyrosine the ability to yield color with diazobenzenesulfonic acid disap- 
peared at measurable rates (Table I). Iodoacetate can be employed in 
place of bromoacetate for the carboxymethylation of amino acids, but its 
action is less rapid; chloroacetate is even less effective. 

The products obtained from all of the amino acids investigated have been 
found, irrespective of the number of carboxymethy] groups introduced, to 
be precipitable by means of mercuric nitrate under conditions which lead 
to the precipitation of none of the natural amino acids except cysteine, 
cystine, methionine, histidine, tryptophan, and aspartic acid; these, how- 
ever, unlike the a-Cm-amino acids, are precipitable by mercuric acetate 


TABLE I 
Reaction of Amino, Phenolic, and Imidazole Groups with Haloacetates 


























Chloroacetate | Bromoacetate Iodoacetate 
Time Tyrosine Histidine Tyrosine Histidine Tyrosine Histidine 
NH: Phenol | Imidazole | NH: Phenol | Imidazole| NH: Phenol | Imidazole 
hrs. | | 
3 6 0 1 | 7 8 18 59 2 14 
7 9 0 2 | 100 95 
16 44 60 | 
24 35 0 6 | | 55 74 ll 50 
48 56 0 11 | | 76 95 | 23 74 
72 76 0 14 | | 87 | 100 | 26 86 




















The reaction mixtures, 0.025 mM in amino acid and 0.215 m in haloacetate, were 
gently agitated at 35-37° with an excess of MgO. The values shown indicate the 


per cent disappearance of amino nitrogen and groups which yield color with diazo- 
benzenesulfonic acid. 


in the presence of 0.1 mM sodium chloride. The mercuric derivatives of 
the a-Cm-amino acids melt, with decomposition, at definite temperatures 
(Table II). They readily dissolve in dilute solutions of sodium chloride 
or hydrochloric acid containing at least one chlorine ion for every atom of 
mercury; the resulting soluble complexes presumably contain the grouping 
—COOHgCI, in analogy with the formulation suggested by Toennies and 
Kolb (17) in their study of the action of mercuric chloride on methionine. 
On the addition of excess of mercuric nitrate to such solutions, the deriv- 
atives are reprecipitated. In general, they appear to contain 1 atom of 
mercury for every two carboxyl groups. 

The calcium salts of Cm-amino acids are, like calcium aspartate and 
glutamate, readily soluble in water but insoluble in alcohol. The same is 
true of the magnesium salts. 
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Titration curves, typified by Figs. 3 and 4, indicate that the introduction 
of carboxymethyl groups has, as was shown by Michaelis and Schubert in 
the case of di-Cm-glycine (11), little effect on the basic function of the 


TaBLeE II 


Melting Decomposition Points of Hg Derivatives of Carboxymethylamino 
Acids Precipitated by Mercuric Nitrate 









































°C. | °C. 
Di-Cm-glycine | 186-187 | Di-Cm-glutamic acid 174-175 
Di-Cm-alanine | 177-178 | Di-Cm-serine 168-170 
Di-Cm-valine 163-164 | O,N-Di-Cm-tyrosine 192-194 
Di-Cm-leucine | 169-171 | Tri-Cm-tyrosine 186-189 
Di-Cm-isoleucine | 157-158 | Tetra-Cm-lysine 160-162 
Mono-Cm-phenylalanine 180-182 | Di-Cm-arginine 185-188 
| Di-Cm-histidine 203 
Di-Cm-phenylalanine 174-175 | Tri-Cm-histidine 213-218 
Cm-proline | 178-180 | N,S-Di-Cm-cysteine 165-173 
Mono-Cm-aspartic acid 181-184 | Di-Cm-methionine 128 
Mono-Cm-glutamiec acid 174-176 
pH 
100 
pH 9.0 - 
10.0- 8.0 
T7.0F 
8.0F 6.0F 
5.0F | 
6.0 40Fr | 
3.0F 
4.0F 20F 
1 OF | 
1 1 A 4 4 1 1 i 1 1 1 L 1 
oS 1.0 1.5 2.0 2.2 2416 |. 2 32.25 
EQUIVALENTS NaOH HCI<—— EQUIVALENTS->NaOH 
Fia. 3 Fia. 4 


Fic. 3. Titration curve of di-Cm-leucine 
Fig. 4. Titration curve of tetra-Cm-lysine 


nitrogen. Over the pH range 4 to 8, the compounds exhibit little buffering 
power and must therefore exist in essentially dipolar ionic form. 

The optical rotations of the Cm-amino acids in water, acid, and alkali, 
three of which are recorded in Table III, suggest that dextrorotational 
minima exist, as is the case (18) with natural amino acids, in their non- 
buffering regions. 
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In many instances, individual Cm-amino acids can be separated by pa- 
per chromatography. The Rr values, obtained by the conventional 
method of upward migration, with a solvent consisting of a mixture of 
butanol, ethanol, and aqueous ammonia, are shown in Table IV. Identi- 
cal results were obtained with saline solutions of the mercury derivatives, 
the metallic constituent of which is detached, presumably by the ammonia, 
and remains immobile. The di-a-Cm-amino acids yielded dark purple spots 
with the reduced ninhydrin reagent of Long, Quayle, and Stedman (19), 
whereas the colors given by mono-a-Cm-amino acids had a pinkish purple 
hue. 


























TaBLeE III 
Specific Rotations [a], in Water, Acid, and Alkali 
Water N-HCl N-NaOH 
degrees degrees a degrees 
ree +2.6 +19 +15 
Di-Cm-phenylalanine....... ee +3.5 +24 +28 
Mono-Cm-aspartic acid..... +4.1 | +11 +11 
TABLE IV 
Rp Values (40.03) of Carboxymethylamino Acids 
Di-Cm-glycine | 0.37 | Di-Cm-serine | 0.33 
Di-Cm-alanine | 0.48 | O-Mono-Cm-tyrosine 0.44 
Di-Cm-valine 0.48 |  Tri-Cm-tyrosine 0.36 
Di-Cm-leucine | 0.73 |  Di-Cm-lysine 0.32 
Di-Cm-isoleucine | 0.54 | Tetra-Cm-lysine | 0.27 
Mono-Cm-phenylalanine | 0.62 |  Di-Cm-arginine 0.28 
Di-Cm-phenylalanine 0.62 | Di-Cm-histidine 0.27 
Cm-proline | 0.45 |  Tri-Cm-histidine 0.32 
Mono-Cm-aspartic acid | 0.35 |  Di-Cm-methionine 0.37 
Mono-Cm-glutamiec acid | 0.38 











Some Cm-amino acids can be extracted from solution in 0.1 N hydro- 
thloric acid by ether or ethyl acetate. When a group of markedly hydro- 
phobic character is present in the molecule, as in the derivatives of leucine 
and phenylalanine (Table V), the distribution coefficient may exceed unity. 

In this admittedly incomplete study of the carboxymethylation of amino 
acids, we were unable to secure demonstrably homogeneous products from 
serine, threonine, cystine, and tryptophan. Further work on these is nec- 
essary. 

Cm- Peptides 


A few typical synthetic peptides have been carboxymethylated under 
similar conditions. The products, which likewise formed insoluble com- 
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plexes on treatment with mercuric nitrate, after acid hydrolysis gave the 
Cm- derivatives of the N-terminal amino acids in yields, in most cases, of 
over 90 per cent. 

The isolation of the Cm- derivatives of the terminal amino acids is com- 
plicated by the fact that a few natural amino acids (see above) yield insol- 
uble mercuric salts with mercuric nitrate. The same is true of compounds 
such as e-di-Cm-lysine or O-Cm-tyrosine, in which the a-amino groups are 
unsubstituted. However, all of these, with the exception of histidine car- 
boxymethylated exclusively in the imidazole ring, are precipitated by the 
addition of mercuric acetate to their solutions in 0.1 to0.5 mM NaCl. Under 
these conditions, none of the a-Cm-amino acids hitherto examined is pre- 
cipitated by mercuric acetate. On the other hand, aspartic acid and glu- 




















TABLE V 
Distribution Ratios, (N per M1. of Solvent)/(N per ML. of 0.1 n HCl) 
Compound | Ether Bd Compound | Ether = 
eee : —= = | 
Di-Cm-glycine | 0.0 0.0 | Di-Cm-glutamiec acid | 0.029 | 0.074 
Di-Cm-alanine | 0.01 | 0.04 | Di-Cm-serine | | 0.02 
Di-Cm-valine | 0.29 1.25 | O-Mono-Cm-tyrosine | 0 0.007 
Di-Cm-leucine | 0.61 | 1.88 O,N-Di-Cm-tyrosine | 0.0 | 0.01 
Di-Cm-isoleucine | 0.67 | 1.75 | Tri-Cm-tyrosine | 0.05 | 1.00 
Mono-Cm-phenylalanine | 0.0 | 0.01 | Tetra-Cm-lysine | 0.00 | 0.00 
Di-Cm-phenylalanine | 1.02 | 3.85 | Di-Cm-arginine , 0.00 | 0.00 
Cm-proline (0.0 | 0.0 | Tri-Cm-histidine | 0.00 | 0.01 
Mono-Cm-aspartic acid 0.0 | 0.01 | Di-Cm-methionine | 0 0 
Mono-Cm-glutamie acid | 0 | 0 | | 











tamic acid are precipitated by mercuric acetate when the chloride concen- 
tration is less than 0.2 m, and the mercuric salt of imidazole-di-Cm-histidine 
is quantitatively precipitated on the addition of an equal volume of etha- 
nol. 

In the di-Cm- derivative of histidine mentioned above, produced from 
glycyl- and alanylhistidine with subsequent hydrolysis, one of the Cm- 
groups replaces the hydrogen atom of the nuclear imino group; the other 
contributes to the formation of a betaine-like structure, analogous to that 
described by Rung and Behrend (20). 


CH.COO- CH:COOH 
| 


| 
| 


+N=CH——N NH, 
| | | 
CH————C—CH, CHCOOH 
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Histidine itself appears, under the experimental conditions, to accept the 
second carboxymethyl group on the imidazole nucleus with greater diffi- 
culty, if at all. 


EXPERIMENTAL 
Carboxymethylation of Amino Acids 


In general, the reaction mixtures, consisting of an amino acid (0.025 m), 
magnesium bromoacetate (0.2 m), and an excess of MgO were gently agi- 
tated at 35° for 3 days. Unless otherwise indicated, the solutions were 
filtered and acidified to Congo red; saturated mercuric nitrate solution was 
then added until no further precipitation occurred. Purification of the 
mercuric derivatives was effected by solution in 0.05 m NaCl and reprecipi- 
tation with mercuric nitrate. The precipitates were washed with water 
until free of nitrate, and decomposed with H.S. The resulting solutions 
were concentrated under reduced pressure to approximately 1 mM, adjusted 
to pH 1 to 1.5 with NaOH, and the products isolated by the procedures 
described below. 

Analytical estimations of mercury and nitrogen in the mercuric deriva- 
tives were conveniently carried out as follows. A weighed sample (30 to 
50 mg.) was heated with 0.2 ml. of concentrated sulfuric acid in a tared 
centrifuge tube. When the mixture was nearly colorless (generally after 
20 minutes), it was allowed to cool, diluted with 10 ml. of water, and satu- 
rated with hydrogen sulfide. The precipitate of HgS was well washed and 
dried to constant weight at 105°. The supernatant solution and washings 
were united, concentrated, and subjected to Kjeldahl analysis. 

Di-Cm-alanine—The solution (5 ml.) from a 3 mmole preparation was 
adjusted to pH 1.3 and shaken with three 100 ml. portions of ethyl acetate. 
The extract, which contained 2.2 m.eq. of N, was taken to dryness under 
reduced pressure, 20 ml. of absolute alcohol were added, and the suspension 
was again evaporated in vacuo. The residue was dissolved in 20 ml. of 
hot 95 per cent ethanol, the solution was allowed to cool, and the 258 mg. 
of product (1.2 m.eq. of N) which separated were recrystallized from 95 
per cent ethanol. It melted at 208° with decomposition. 


C;Hi,0.N. Calculated, C 41.0, H 5.4, N 6.8; found, C 41.0, H 5.4, N 7.2 


Di-Cm-valine—The solution (3 ml.) from a 3 mmole preparation at pH 
1.6 was shaken with five 12 ml. portions of ethyl acetate. The extract 
(2.0 m.eq. of N) was concentrated to a syrup and dissolved in 1 ml. of hot 
ethyl acetate. The solution, which crystallized on cooling, was treated 
with 2 ml. of ether and allowed to stand for a few days. The dried prod- 
uct weighed 217 mg. (0.93 m.eq. of N). After purification by solution in 


XUM 








120 CARBOXYMETHYLAMINO ACIDS AND PEPTIDES 


1 ml. of water, repetition of the extraction, and recrystallization from ethy| 
acetate, it melted at 176°. 


CoH,;0.N. Calculated, C 46.4, H 6.4, N 6.0; found, C 46.6, H 6.6, N 6.1 


Di-Cm-leucine—The solution (7 ml.) from a 9 mmole preparation was 
allowed to stand for several days at 0-5°. The solid which separated was 
recrystallized three times from water. The product weighed 1.285 gm. 
(58 per cent of the theoretical amount), melted at 178°, and had [a], +18° 
(1.3 per cent in 0.5 n HCl). 


CioH1706N. Calculated, C 48.6, H 6.9, N 5.7; found, C 48.4, H 6.7, N 5.6 


The titration curve is shown in Fig. 3. 
The mercury derivative gave satisfactory analytical values for N and Hg, 
but contained a small amount of Cl. 


C2oH2s012N,Hgs. Calculated, N 2.6, Hg 55.4, Cl 0.0; found, N 2.5, Hg 55.2, C1 1.9 


The precipitability of the calcium salt is indicated by the following ex- 
periment. Toa solution of 50 mg. (0.20 mmole) of di-Cm-leucine in 5 ml. 
of water, calcium hydroxide was added in excess. The alkaline suspension 
was centrifuged, the clear solution treated with 25 ml. of ethanol, and the 
mixture allowed to stand overnight in the refrigerator. After centrifuga- 
tion, the supernatant solution was found to contain 0.018 m.eq. of N. 

Di-Cm-isoleucine—The solution from a 3 mmole preparation was shaken 
with four 20 ml. portions of ethyl acetate; the extract (2.4 m.eq. of N) was 
taken to dryness in vacuo; the residue was dissolved in 3 ml. of warm ethyl 
acetate and the product precipitated by the addition of 3 ml. of light pe- 
troleum. After a second such reprecipitation, the yield was 251 mg. of an 
amorphous product melting at 121°. After three more such precipitations 
the melting point was 123-124°. This product was not obtained in crystal- 
line condition. 


CioH170,N. Calculated, C 48.6, H 6.9, N 5.7; found, C 48.3, H 7.0, N 5.7 


Mono-Cm-phenylalanine—The carboxymethylation mixture from a 3 
mmole preparation was filtered and allowed to stand for a month in the 
refrigerator. The magnesium salt of the monosubstitution product, which 
separated in crystalline form, was washed with ice-cold water and dried at 
120°. The yield was 150 mg. 


Co2H240sN2Mg-4H20. Calculated. C 48.8, H 5.9, N 5.2, Mg 4.5 
Found. a Ot, Aa Se 


A 25 mg. portion of this salt was dissolved in 2.5 ml. of 0.1 Nn HCl. Crys- 
tallization of the free acid began almost immediately. After 24 hours at 
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(-5°, the product was collected, washed, and dried over P.O; in vacuo at 
room temperature. Yield, 17 mg.; m.p. 228-233°, with decomposition. 


Ci1Hi;0.N. Calculated, N 6.3; found, N 6.2 


Di-Cm-phenylalanine—The original filtrate from the above magnesium 
salt was acidified to Congo red with HCI and treated with 35 ml. of satu- 
rated mercuric nitrate solution. The precipitate was washed and dried; 
weight 1.935 gm. (2.3 m.eq. of N). The concentrated filtrate (8 ml.) ob- 
tained after removal of mercury as sulfide was adjusted to pH 1 and allowed 
to stand for a few days in the refrigerator. The crystalline di-Cm-pheny]l- 
alanine weighed 405 mg. After three recrystallizations from water it 
melted at 141° and had [a], +21° (1.4 per cent in 0.5 n HCl). 


Ci3HisO6N. Calculated, C 55.5, H 5.3, N 5.0; found, C 55.3, H 5.6, N 4.8 


Cm-proline—The solution (2.5 ml.) from a 3 mmole preparation was 
treated with 15 ml. of acetone and cooled at 0-5° overnight. The syrupy 
precipitate was washed with 3 ml. of acetone, dissolved in 2 ml. of water, 
and treated with 1 ml. of methanol and 13 ml. of isopropanol. The crys- 
talline product, weighing 231 mg. (1.3 m.eq. of N), was twice recrystallized 
from water with the addition of isopropanol. It melted at 220° (decom- 
position). 


C;H:,0,N. Calculated, C 48.5, H 6.4, N 8.1; found, C 48.8, H 6.3, N 7.8 


Mono-Cm-aspartic Acid—The reaction mixture from 1.000 gm. of aspartic 
acid (7.5 mmoles), 5.0 gm. of bromoacetic acid (36 mmoles), and excess of 
magnesium oxide in 75 ml. of water was filtered, concentrated at about 30° 
to 60 ml., and treated with 300 ml. of absolute ethanol. The precipitate 
was washed with 95 per cent ethanol. The filtrate and washings, which 
contained magnesium bromide, unchanged bromoacetate, and only 0.18 
m.eq. of N, were discarded. The solid was dissolved in water, acidified to 
Congo red, and treated with an excess of mercuric nitrate solution. A 
portion of the precipitate was dissolved in NaCl, reprecipitated, and dried 
at 100° for analysis. 


CiwHwOw.NeHg;. Calculated, N 2.87, Hg 61.5; found, N 2.73, Hg 60.5 


The remainder was suspended in water and decomposed with hydrogen sul- 
fide. The filtrate, containing 6.4 m.eq. of N, was evaporated to dryness 
under reduced pressure, redissolved in 2 ml. of water, treated with 20 ml. 
of acetone, and allowed to stand overnight. The gummy precipitate, which 
had become microcrystalline and friable, was washed first with acetone con- 
taining 10 per cent of water, then with pure acetone. The filtrate and 
washings were evaporated to dryness and the residue was again treated 
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with cold aqueous acetone, when a small second crop was secured. The 
combined product weighed 695 mg. (3.6 mmoles). On recrystallization by 
addition of isopropanol to a concentrated aqueous solution, it formed ree- 
tangular needles which melted at 198-199°. 


C.H,O.N. Calculated, C 37.7, H 4.7, N 7.3; found, C 37.8, H 4.7, N 7.2 


A titration curve, determined in 0.1 m NaCl, showed the presence of 
three acid groups with apparent pK values of approximately 2, 2.4, and 
3.9, respectively, and one basic group, pK 9.6. 

In a similar preparation, the concentrated filtrate from the HgS was ad- 
justed to pH 1.3 with sodium hydroxide before the addition of acetone. 
The product in this case was a crystalline, hydrated monosodium salt, m.p, 
162°, [a], +11.4° (1.2 per cent in 0.5 Nn HCl). 


C.HsOsNNa-H.O. Calculated. C 31.3, H 4.3, N 6.1, Na 10.0 
Found. “ta, 424, “Gi, “ B37 


Di-Cm-aspartic acid appeared to be formed, as a minor product, when 
aspartic acid was treated with a larger excess of bromoacetate for a longer 
time and at a higher temperature: a mixture of 1.000 gm. of aspartic acid 
(7.5 mmoles), 10 gm. of bromoacetic acid (72 mmoles), and 5 gm. of mag- 
nesium oxide in 100 ml. of water was stirred for a week at 37-42°, filtered, 
concentrated at 90° to a total weight of 30 gm., treated with 150 ml. of 
absolute ethanol, and allowed to stand at 3-5° for 3 days. The precipitate 
was collected and washed with ethanol. The filtrate and washings, which 
contained 0.13 m.eq. of N, were discarded; the solid product was dissolved 
in water, freed of alcohol by boiling, and acidified to pH 1 with 10 ml. of 
5 nN H.SO,. This solution was subjected to continuous extraction with 
ethyl acetate for four successive 10 hour periods, during which 28, 4.3, 1.8, 
and 1.8 mg. of N, respectively, were extracted. The first extract, which 
weighed 2.7 gm. and contained much glycolic acid, was dissolved in water 
and treated with mercuric nitrate; 1.07 gm. of a mercuric derivative, m.p. 
181-188°, were precipitated. 


CsH;,OsNHg2. Calculated, N 2.17, Hg 62.0; found, N 2.00, Hg 62.4 


The acid solution remaining after the extraction yielded a mercuric salt 
which appeared to consist mainly of the mono-Cm- derivative (found, N 
2.37, Hg 60.2). 

Mono-Cm-glutamic Acid—The solution (5 ml.) from a 3 mmole prepara- 
tion was adjusted to pH 1.2 and the product extracted with seven 20 ml. 
portions of ethyl acetate. To the aqueous phase, which contained 0.79 
m.eq. of N, isopropanol (6 ml.) was added until a slight cloudiness appeared. 
The mixture, after a few days in the refrigerator, deposited crystals (30 
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The | mg.) which were redissolved in water (2 ml.) and treated with isopropanol 
n by | (7 ml.); erystallization occurred almost immediately; m.p. 155-156°. 
al C;Hi0.N. Calculated, € 41.0, H 5.4, N 6.8; found, C 41.2, H 5.4, N69 
Di-Cm-glutamic Acid—The above ethyl acetate extract, which contained 
|.54 m.eq. of N, was evaporated to dryness under reduced pressure, redis- 
€ of | solved in 5 ml. of hot ethyl acetate, and precipitated with light petroleum. 
and | This process was repeated. The resulting 270 mg. of amorphous product 
were crystallized from 3 ml. of hot ethyl acetate, when 15 mg. of crystalline, 
sad- | very hygroscopic di-Cm-glutamic acid were secured; m.p. 85°. 


a CyH,,0,N. Calculated, C 41.1, H 4.9, N 5.3; found, C 40.8, H5.1, N55 
A titration curve indicated the presence of five dissociable groups, of ap- 
proximate pK values 2, 2.4, 3, 4.5, and 8.5. 
Di-Cm-serine—The concentrated filtrate (3 ml.) from a 3 mmole prepa- 

ration was brought to pH 1.3 with 0.15 ml. of 11 n NaOH, treated with 6 
vhen ml. of acetone, and allowed to stand overnight in the refrigerator. The 
nger | orecipitated syrup was washed with 3 ml. of acetone and dissolved in 1 ml. 
acid of water. Addition of a mixture of 1.5 ml. of methanol and 3 ml. of iso- 
mag: propanol caused the precipitation of a syrup which was redissolved in 1 ml. 
ered, of water and treated with 9 ml. of methanol. The precipitate, which soon 
u. of solidified when the mixture was cooled to 5°, was collected after the addi- 
itate tion of 3 ml. of ethanol at —10°. After being washed with ethanol and 
rhich ether, the amorphous product was dried over P.O; at room temperature; 
re mp. 150-155°. Attempts to crystallize this product failed. 
with C;Hi:0;N. Calculated, N 6.3; found, N 5.7 
’ 18, 0-Mono-Cm-tyrosine—A solution of 335 mg. (1.5 mmoles) of N-acetyl- 
vhich tyrosine was carboxymethylated and the product precipitated with mercuric 
vater | nitrate in the usual way. After decomposition with hydrogen sulfide, the 
M.P. | filtrate was concentrated to 3 ml. and boiled under a reflux for 20 hours 

with an equal volume of concentrated HCl. The excess of HCl was re- 

moved by repeated evaporation under reduced pressure. The residue was 
ale dissolved in water (5 ml.), brought to pH 1.7, and chilled overnight in the 


refrigerator. The crystalline product was washed with ice-cold water, then 
id, N |. : ple cae Rare 

with acetone, and dried at 110°; yield, 75 mg. After recrystallization from 
boiling water (9 ml.), it melted, with decomposition, at 260-261°. 


para- 

0 ml. Ci,Hi;30;N. Calculated, C 55.3, H 5.4, N 5.8; found, C 55.4, H 5.6, N 5.7 
0.79 | The mercury derivative, precipitated on the addition of mercuric acetate, 
ared. | melted at 205-208°. 

s (30 


0,N-Di-Cm-tyrosine—The solution from a 3 mmole preparation was 
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shaken with six 7 ml. portions of ethyl acetate. During the extraction, a 
crystalline precipitate formed in the aqueous layer. This was washed with 
water and dried over P;0;; it weighed 90 mg. and contained 0.29 m.eq. of 
N. After recrystallization from hot water (1.5 ml.), it melted with decom- 
position at 241-243°. 


Ci3Hi;0;N. Calculated, C 52.5, H 5.1, N 4.7; found, C 52.5, H 5.3, N 4.8 


As this compound gave no color with Millon’s reagent, one of the carboxy- 
methyl groups must have been linked to the phenolic oxygen atom. 

Tri-Cm-tyrosine—The foregoing ethyl acetate extract was evaporated to 
dryness and the residue recrystallized from ethyl acetate; yield, 560 mg. 
After recrystallization from hot water (5 ml.) it melted with decomposition 
at 183-184°. 


CisH1,0,N. Calculated, C 50.7, H 4.8, N 3.9; found, C 50.7, H 5.1, N 3.9 


Tetra-Cm-lysine—The solution (4 ml.) from a 3 mmole preparation was 
brought to pH 1.3, treated with 17 ml. of acetone, and chilled at 0-5° for 
a day. The syrupy precipitate was dissolved in 2 ml. of water, reprecipi- 
tated with 5 ml. of isopropanol, and redissolved in 2 ml. of water. The 
hot solution was treated with 14 ml. of hot methanol and chilled; the solid 
product, weighing 741 mg. (60 per cent of the theoretical amount), was 
twice recrystallized from 7 ml. portions of hot water. It melted with de- 
composition at 220°. 


C1 4H220 10Ne. Calculated, C 44.4, H 5.8, N 7.4; found, C 44.4, H 6.0, N 7.4 


The titration curve (Fig. 4) indicates the presence of three titratable and 
two compensated acid groups. 

Formation of the copper complex of lysine (15) failed to prevent the 
reaction of bromoacetate with the a-amino group. A solution of 344 mg. 
of lysine dihydrochloride in 30 ml. of water was adjusted to pH 8 with 
sodium hydroxide and heated on the steam bath for 2 hours with excess of 
basic copper carbonate. The mixture was then filtered. Aliquot portions 
were treated with magnesium oxide and bromoacetate by the standard pro- 
cedure, and with sodium bromoacetate in the presence of sodium carbonate 
at pH 9.5. Addition of 5 volumes of 95 per cent ethanol to the resulting 
solutions caused the precipitation of blue, amorphous solids or syrups which, 
after the removal of copper by hydrogen sulfide, gave no color with nin- 
hydrin and no amino nitrogen in the Van Slyke test. 

Di-Cm-arginine—The reaction mixture from 1.6 mmoles of arginine and 
18 mmoles of bromoacetate in 50 ml. of water was filtered and allowed to 
stand for 3 weeks in the refrigerator. The crystals which separated weighed 
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1g | 323 mg. and contained 3.6 m.eq. of N. This salt was twice recrystallized 
‘ith from hot water and dried at 130°. 


|. of CioHisOsNsMg. Calculated, N 17.9, Mg 7.8; found, N 17.8, Mg 7.7 


= A 250 mg. portion of the Mg salt was dissolved in 20 ml. of 0.05 n HCl 


and treated with an excess of mercuric nitrate. The washed precipitate 
was decomposed with H,S and the filtrate concentrated to 1.5 ml. under 
reduced pressure. On the addition of 3.5 ml. of isopropanol, crystallization 


XY- | soon began. After 20 hours in the refrigerator, the product was washed 
with 60 per cent aqueous isopropanol; dried at 110° after recrystallization 

d to from water-isopropanol, it weighed 120 mg. and melted at 160-161°. 

mg. 

i CipHigOgN4. Calculated, N 19.3; found, N 19.9 


Tri-Cm-histidine—The solution from a 3 mmole preparation was evap- 
| orated under reduced pressure and the syrupy residue was dissolved in 10 
ml. of acetone. Treatment of this solution with 10 ml. of ethyl ether caused 
was | the separation of a liquid which was no longer soluble in acetone. It was 
> for | dissolved in 2 ml. of water, treated with 15 ml. of isopropanol, and chilled 
cipi- | to —10°, when a gummy solid separated. The supernatant solution con- 
The } tained 4.5 m.eq. of N, which corresponded to 50 per cent of the histidine 
solid | employed. The gum was converted to an amorphous solid by dissolving 
was | itin3 ml. of water and adding 15 ml. of methanol. After being dried over 
1 de- | P,0;, this product, which gave no color with the Pauly reagent, weighed 
124 mg. 


4 Ci2Hi,0gN3. Calculated, N 12.8; found, N 12.2 


and | [twas not quite homogeneous, for on subjection to paper chromatography 
it yielded two spots. The major, more rapidly moving component gave 
; the | the dark purple color characteristic of the di-e-Cm-amino acids. The mi- 
/mg. | slower moving component gave a pinkish color with reduced ninhydrin 
with | id therefore appeared to be the a-mono-Cm derivative. 

sg of | S-Di-Cm-cysteine—Carboxymethylation of 3 mmoles of cysteine with 
tions | 9 mmoles of bromoacetate was carried out for 3 days at 37°. The filtrate 
| pro- from the decomposition of the mercuric derivative was concentrated to 3 
snate | ™. and adjusted to pH 1.4, when a crystalline product separated. After 
iIting being washed with cold water and dried, it weighed 150 mg.; m.p. 237° 
hich, (decomposition). 


| nin- C;H,,0.NS. Calculated, N 6.0; found, N 6.4 


saad Extraction of the mother liquor with ethyl acetate yielded a syrup which 
ohn could not be induced to crystallize. 
ighed Di-Cm-methionine—The solution (5 ml.) from a 1.5 mmole preparation 
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was brought to pH 1.7, treated with 25 ml. of methanol and 25 ml. of igo. 
propanol, and chilled overnight in the refrigerator. The precipitate, which 
contained 0.61 m.eq. of N, was recrystallized three times from water-igo- 
propanol; yield, 75 mg.; m.p. 168°. 


CoHis0.NS. Calculated, C 40.8, H 5.7, N 5.3; found, C 40.8, H 6.1, N 5.3 


Cm-amino Acids from Peptides 


The carboxylation of peptides was carried out exactly as with the amino 
acids. The products likewise yielded insoluble salts on treatment with 
mercuric nitrate but, as the precipitates could not be completely freed from 
nitrate ion by washing, they were decomposed with H.S and the calcium 
salts, precipitated by addition of alcohol, were subjected to acid hydrolysis, 
After the removal of most of the excess hydrochloric acid and adjustment 
of the pH to 1.5, mercuric acetate was added; in most cases this precipitated 
the amino acids, but not the Cm-amino acids. These were then precipi- 
tated with mercuric nitrate. 

Glycylglycine—The peptide, prepared by the method of Dunn, Butler, 
and Deakers (21), was carboxymethylated with 9 molar equivalents of 
bromoacetate for 3 days at 36°. After filtration to remove excess Mg0O, 5 
volumes of ethanol were added. The amorphous product was redissolved 
in a small quantity of water and reprecipitated by adding 5 volumes of 
ethanol. It contained 7.0 per cent of N but was not further characterized. 

A 150 mg. portion (0.75 m.eq. of N) was hydrolyzed in 4 ml. of 6 n HCl 
for 22 hours under a reflux. The solution was evaporated under reduced 
pressure, most of the excess of HCl being removed by repeated vacuum 
distillation after addition of water. The residue was then treated with 5 
ml. of water, when di-Cm-glycine immediately crystallized. After 20 hours 
at 0-5° the product was collected, washed with cold water, and dried. The 
yield was 65 mg. (91 per cent of the theoretical amount) of di-Cm-glycine. 
It melted with decomposition at 242-251°. 


C.H,O.N. Calculated, N 7.3; found, N 7.3 


The filtrate from the crude di-Cm-glycine was made alkaline, shaken 
with benzoyl chloride, and acidified. The precipitate, after being washed 
with ligroin and recrystallized, yielded 45 mg. of hippuric acid, m.p. 183° 
(64 per cent of the theoretical amount). 

Leucylglycylglycine—The peptide, synthesized by the method of Schott, 
Larkin, Rockland, and Dunn (22), possessed the melting point and specific 
rotation recorded by these authors. A 0.75 mmole portion was carboxy- 
methylated by the standard procedure. The filtrate from the excess MgO 
was acidified to Congo red and treated with an excess of saturated mercuric 
nitrate. The resulting precipitate was well washed with water and decom- 
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posed with HS. The filtrate was concentrated in vacuo to 2 ml., made 
alkaline with calcium hydroxide, and treated with 7 volumes of ethanol. 
The precipitate was washed with ethanol, redissolved in water, filtered, re- 
precipitated with ethanol, and dried over P,O; at room temperature. The 
yield was 317 mg. of a calcium salt containing 1.99 m.eq. of N (88 per cent 
of the theoretical amount). 

A 307 mg. portion of this product (1.92 m.eq. of N) was hydrolyzed in 
§ ml. of 6 N HCl under a reflux for 40 hours. After removal of excess HCl 
under reduced pressure, the residue was dissolved in 3 ml. of water and 
the solution, which gave no precipitate with mercuric acetate, was treated 
with saturated mercuric nitrate. The precipitate was well washed with 
water, dried (347 mg.), dissolved in 15 ml. of m NaCl, and reprecipitated 
with mercuric nitrate. After being washed and dried over CaCls, the prod- 
uct contained 0.55 m.eq. of N (86 per cent of the theoretical amount). 
It melted at 169-171° with decomposition. 


CooH2g0i12N2Hg;. Calculated, N 2.6, Hg 55.2; found, N 2.2, Hg 56.1 


Glutathione—A solution of 0.55 mmole of the tripeptide in 10 ml. of wa- 
ter was treated with MgO, aerated until it no longer reduced phosphotung- 
sic acid, and carboxymethylated with 6 mmoles of bromoacetate. The 
filtrate was acidified with concentrated HCl (0.2 ml.) and treated with sat- 
wated mercuric nitrate (11 ml.). The well washed precipitate was decom- 
posed with H.S. The filtrate was made alkaline with calcium hydroxide 
and twice precipitated with ethanol. It weighed 254 mg. and contained 
130 m.eq. of N (79 per cent of the theoretical amount). 

A sample of the calcium salt containing 0.586 m.eq. of N was hydrolyzed 
in3 ml. of 6 N HCl under a reflux for 24 hours; the excess of HCl was evap- 
orated and the residue dissolved in 2.5 ml. of water. The solution was 
adjusted to pH 1 and treated with 2 ml. of 1 mM mercuric acetate; the pre- 
tipitate, presumably the mercuric complex of cystine, weighed 109 mg. and 
contained 0.154 m.eq. of N (79 per cent of the theoretical amount). 

On addition of 3 ml. of saturated mercuric nitrate to the supernatant 
lution and washings, the mercury derivative of the di-Cm-glutamic acid 
was collected. After reprecipitation, this weighed 99 mg. and contained 
0.144 m.eq. of N (74 per cent of the theoretical amount). It melted with 
decomposition at 174-175°. 


CoH,OsNHg2. Calculated, N 2.1, Hg 60.7; found, N 2.0, Hg 58.8 
Alanyllysylalanine—An aqueous solution (kindly furnished by the late 
Dr. Erwin Brand of this laboratory) of 0.43 mmole of the peptide (23) was 


carboxymethylated with 4.3 mmoles of bromoacetate; the mercuric deriv- 
ative of the product was prepared and decomposed with H.S. The car- 
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boxymethylated tripeptide, precipitated as its calcium salt with the aid of 
ethanol, weighed 161 mg. and contained 0.96 m.eq. of N (56 per cent of 
the theoretical amount). 

A solution of 149 mg. of this calcium salt, containing 0.89 m.eq. of N, 
in 3 ml. of 6 N HCl was boiled under a reflux for 18 hours. The excess of 
HCl was removed under reduced pressure and the residue dissolved in 3 
ml. of water. To this solution, mercuric acetate solution (1 molar in 1 per 
cent acetic acid) was added until precipitation was complete (2 ml.). The 
supernatant solution and washings were concentrated in vacuo to 2 ml. and 
a second small quantity of precipitate was collected. There were thus ob- 
tained 224 mg. of a mercury salt of ¢-di-Cm-lysine containing 0.44 m.eq. 
of N (99 per cent of the theoretical amount). The compound was purified 
by solution in dilute sodium chloride and reprecipitation with mercuric 
acetate. It melted with decomposition at 165-167°. 


Ci9H150¢N2ClH go. Calculated. N 4.0, Cl 5.1, Hg 57.6 
Found. “gn, * $4," 362 


The product obtained after removal of mercury failed to crystallize. 

The supernatant solution from the mercuric e-di-Cm-lysine was treated 
with 1.3 ml. of saturated mercuric nitrate, which precipitated 151 mg. of 
mercuric di-Cm-alanine containing 0.22 m.eq. of N (99 per cent of the theo- 
retical amount). After two reprecipitations the product melted with de- 
composition at 177—178°. 


Cy4HieO12N2Hg;. Calculated, N 2.8, Hg 59.8; found, N 2.7, Hg 56.2 


Glycylhistidine—Samples of this peptide (24), kindly provided by Dr. du 
Vigneaud, were carboxymethylated with 12 equivalents of bromoacetate 
under the standard conditions for 6 and for 25 hours. The Pauly reaction 
then indicated that 66 and 92 per cent, respectively, of the imidazole group 
had reacted. The reaction mixture from the 25 hour sample was acidified 
and treated with mercuric nitrate. The precipitate was washed and de- 
composed with hydrogen sulfide; the filtrate was rendered alkaline with 
calcium hydroxide, filtered, and treated with 2 volumes of ethanol. The 
precipitate contained 76 per cent of the nitrogen in the starting material. 

A portion containing 0.54 m.eq. of N was hydrolyzed with boiling 6 
HCl for 20 hours. The excess of HCl was removed by distillation under 
reduced pressure, and the residue was dissolved in 3 to 4 ml. of water and 
adjusted to pH 2 with sodium hydroxide, when di-Cm-glycine rapidly erys- 
tallized. After a few days in the refrigerator the crystals were collected, 
washed with water, then with alcohol, and dried; yield, 19 mg.; m.p. 245- 
247° (decomposition). 


C.H,O.N. Calculated, N 7.3; found, N 7.4 
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1 of The mother liquor was treated with mercuric acetate and an equal vol- 
t of | ume of ethanol, whereby a mercuric salt of imidazole-di-Cm-histidine was 
precipitated. After being washed with 50 per cent ethanol and dried, it 
-N, weighed 119 mg.; m.p. 256-257° (decomposition). 


8 of CisH,O.NiClHg;. Calculated. N 4.5, Cl 7.6, Hg 64.0 
in 3 Found. “48, 79, “ 66.4 
per 


The The filtrate was treated with mercuric nitrate, which precipitated the 
and | mercuric salt of a little di-Cm-glycine which had not crystallized. This 
‘ob- | product after reprecipitation weighed 15 mg.; m.p. 180—183° (decomposi- 
1.eq. tion). 

ified C1:H1:01.N2Hg;. Calculated, N 2.9; found, N 3.2 

= The total recoveries of di-Cm-glycine and di-Cm-histidine were accord- 
ingly 100 and 101 per cent of the theoretical amounts, respectively, on the 
basis of nitrogen content. 

The 6 hour run yielded products with identical properties, but only 52 
per cent of the peptide nitrogen was obtained as the Ca salt, from which 
ated | the hydrolytic products were obtained in respective yields of 98 and 90 per 
g. of | cent. In this case, a small amount of precipitate appeared on the addition 
theo- | of mercuric acetate prior to the addition of alcohol. This was probably 
n de- | the imidazole mono-Cm- derivative but was not investigated. 

Alanylhistidine—This peptide, synthesized by Dr. J. Polatnick of this 
laboratory by the method of Hunt and du Vigneaud (25), was employed 
in the form of its dihydrochloride, 450 mg. (1.5 mmoles) of which were 


r. dt | carboxymethylated with 18 mmoles of bromoacetate for 24 hours at 35-37°. 
etate The product was precipitated with mercuric nitrate, regenerated with hy- 
ction | drogen sulfide, and isolated as the alcohol-insoluble calcium salt. This 
srOUP | weighed 470 mg. and contained 2.85 m.eq. of N, corresponding to a yield 
nom of 48 per cent of the theoretical amount. 

e- 


Hydrolysis of 213 mg. of this (1.29 m.eq. of N) was carried out in 5 ml. 
with | of boiling 6N HCl. The excess of acid was volatilized; the residue was dis- 
The solved in water and the pH raised from 0.3 to 1.6 in a final volume of 5 

terial. | ml, No precipitate was formed on the addition of mercuric acetate.’ 

g6N] Mercuric nitrate gave 425 mg. of a precipitate which contained 1.18 m.eq. 


under | of N (91 per cent of total) and was therefore a mixture. After reprecipi- 
rand | tetion of 406 mg., the weight fell to 298 mg.; the product still contained 
 €TYS- | three times as much nitrogen (0.95 m.eq.) as could have been present as 
— di-Cm-alanine. A 282 mg. portion (0.90 m.eq. of N) was decomposed 
. 240- 


* When this experiment was performed, it had not yet been recognized that pre- 
tipitation of mercuric imidazole-di-Cm-histidine could be elicited by addition of 
ileohol 
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with H,S; the filtrate was concentrated to 13 ml. and shaken with five 100 
ml. portions of ethyl acetate. The evaporated extract was dissolved in 3 
ml. of ethanol. By addition of 8 ml. of ethyl acetate, followed by 30 ml, 
of light petroleum, 15 mg. of pure di-Cm-alanine (m.p. 207-208°; N, 6.8) 
were secured. 

The aqueous solution remaining after the extraction with ethyl! acetate 
was diluted with 3 volumes of isopropanol and chilled overnight in the re- 
frigerator. The solid which separated contained 0.64 m.eq. (95 per cent 
of the theoretical amount) of N. After two recrystallizations from water- 
isopropanol it melted at 263-264° (decomposition) and gave analytical 
values for imidazole-di-Cm-histidine. 

CioHi306N3. Calculated. C 44.3, H 4.8, N 15.5, NHe-N 5.2 
Found. ee, ae, "tee, * 5.1 


On treatment with mercuric nitrate, this compound yielded a precipitate 
which melted with decomposition at 203° after darkening at 196~-198°, 
Mercuric acetate yielded a precipitate (m.p. 256-257°, decomposition) in 
50 per cent alcoholic, but not in aqueous, solution. 

Chromatography of Cm-amino Acids—The solvent employed was a mix- 
ture of n-butanol (2 volumes), ethanol (1 volume of 95 per cent), and aque- 
ous ammonia (2 volumes of 3 nN). The paper was No. 1 Whatman, 15 to 
20 cm. in width. After at least 4 hours for equilibration with the atmos- 
phere within the vessel, upward chromatographic migration was allowed 
to proceed for about 20 hours at room temperature (29-31°). The solvent 
front was marked; the paper was dried at 70-80° for 15 to 20 minutes, 
sprayed with the reduced ninhydrin reagent of Long, Quayle, and Stedman 
(19), heated at 110-115° for 1 to 3 minutes, and allowed to stand at room 
temperature overnight. The background color had then faded; the spots 
of di-Cm-amino acids were purple, those of mono-Cm-amino acids pink, 
and those of native amino acids dark bluish brown. 

Distribution Coefficients—Solutions of about 20 mg. of each Cm-amino 
acid in 3 ml. of 0.1 N HCl were shaken for 90 minutes at room tempera- 
ture with appropriate volumes (7 ml. or 12 ml.) of ethyl ether or ethyl ace- 
tate. When the layers had separated, measured samples of each were 
withdrawn and subjected to Kjeldahl analysis. The results are presented 
in Table V. 


SUMMARY 


1. Simple a-amino acids react with bromoacetate at pH 9, with replace- 
ment of the amino hydrogen atoms by carboxymethyl groups. In most 
cases, two such groups enter the molecule, but monosubstitution products 
can be isolated from phenylalanine and glutamic acid, and with aspartic 
acid the second group enters hardly at all. 
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2. Under the conditions adopted, the hydroxyl group of tyrosine, the 
eamino group of lysine, and the imidazole group of histidine also accept 
carboxymethyl groups. The guanidino group of arginine does not react. 
3. Carboxymethylamino acids form insoluble mercuric salts on treat- 
ment with mercuric nitrate, but not with mercuric acetate. 

4. On treatment with bromoacetate, peptides form products from which, 
after acid hydrolysis, the carboxymethylated N-terminal amino acids can 
be isolated in high yields. 
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CARBOXYMETHYL PROTEINS* 


By SAMUEL KORMAN7{ anp HANS T. CLARKE 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, December 16, 1955) 


The action of iodoacetate on proteins has formed the subject of many 
studies, in most of which attention has been primarily directed to the re- 
action with SH groups. Although the possibility that other groups may 
be involved has been considered (1), little information is available. 

In the experiments here reported, proteins have been subjected to the 
action of bromoacetate at the pH of about 9 maintained by an aqueous 
suspension of magnesium oxide. Most of these studies have been carried 
out with crystalline bovine serum albumin, which yielded products insoluble 
at pH 2 but soluble at pH 5. Preliminary experiments on a few other pro- 
teins have indicated that the reaction is generally applicable to soluble 
proteins, and that sodium or potassium carbonate may be employed in 
place of magnesia. The products from egg albumin and casein exhibit 
solubility behavior similar to that of carboxymethylated serum albumin, 
as does that from hemoglobin, from which the porphyrin is removed during 
the reaction. Gelatin yields products which contain no amino groups and 
give no color with ninhydrin, but display essentially unaltered gelling 
characteristics. On the other hand, zein, wool, and silk do not dissolve 
when treated with bromoacetate in potassium carbonate solution. 

Under the conditions employed, over 90 per cent of the amino groups of 
vrum albumin react with bromoacetate in 16 hours, and amino nitrogen is 
10 longer detectable after 24 hours. 

Huggins and Jensen (1) have shown that treatment of serum proteins 
vith iodoacetate results in loss of heat coagulability, an effect which they 
ascribed to the mutual repulsion of the negatively charged groups intro- 
duced. Similarly, the products of the action of bromoacetate on the al- 
bumins are not coagulated when heated in solution at pH 5 or above. The 
elect of carboxymethylation resembles denaturation in other respects. For 
«ample, as the reaction progresses, the disulfide linkages become increas- 
ingly accessible to the action of sulfite (Table I); this effect is not produced 
ty MgO alone. 


* Mainly from a dissertation submitted by 8. Korman in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in the Faculty of Pure Science, 
Columbia University. 

+ Atomic Energy Commission Predoctoral Fellow, 1949-52. 
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As with histidine and tyrosine (2), the imidazole and phenolic groups of 
serum albumin react with bromoacetate to form derivatives which yield 
no color with diazobenzenesulfonic acid. In the native albumin, not all of 
these groups react with the Pauly reagent, for the color intensity developed 
with the protein is only 75 per cent of that observed! after hydrolysis (Table 




















TABLE I 
Reactive Disulfide Groups in Bovine Serum Albumin Made Available during 
Carboxymethylation 
peq. SS per m.eq. total N 
Reaction time 
Before hydrolysis After hydrolysis 
hrs. 
0 5.3 24 
5 7.3 24 
24 11.0 24 
48 13.2 22 
66 15.0 23 
TaBLeE II 


Disappearance of Diazo-Coupling Groups during Carboxymethylation of 
Bovine Serum Albumin 


The values are expressed as micromoles of histidine per milliequivalent of 
total N. 





Diazo-coupling groups 
Reaction time 








Before hydrolysis After hydrolysis 
hrs. 
0 22.3 29.8 
5 20.3 26.0 
24 15.7 18.8 
48 12.6 12.9 
66 11.3 9.1 














II). The disappearance of this discrepancy as the reaction with bromo- 
acetate proceeds also points to the denatured character of the carboyymeth- 


1 The values reported by Stein and Moore (3) indicate that bovine serum albumin 
contains 22.5 umoles of histidine and 24.4 uwmoles of tyrosine per milliequivalent of 
total N. We find the color intensity developed from tyrosine to be 29 per cent of that 
from an equimolar amount of histidine. From these values it can be calculated that 
the total color per milliequivalent of protein N should correspond to that which can 
be developed from 29.6 wmoles of histidine, in close agreement with the observed 
value of 29.8. 
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ylated protein. On the other hand, the complete carboxymethylation of 
the phenolic groups in a sample of bovine albumin which had been subjected 
to the action of bromoacetate for 64 hours is suggested by its ultraviolet 
absorption curves (Fig. 1) which, in contrast to those for the original pro- 
tein, do not show the shift of maximum with alkali characteristic of proteins 
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Fig. 1. Absorption spectra of native and carboxymethylated bovine serum albu- 
min. Curve 1, Cm-albumin at pH 6.6; Curve 2, Cm-albumin in 0.1 n NaOH; Curve 
3, native albumin at pH 4.5; and Curve 4, native albumin in 0.1 n NaOH. 

Fia. 2. Ultracentrifugal sedimentation patterns. A, carboxymethylated bovine 
serum albumin; B, crystalline bovine serum albumin; C, serum albumin treated with 
MgO; D, carboxymethylated serum albumin recovered from urine. 


containing combined tyrosine (4). In acid solution, the albumin and its 
carboxymethyl (Cm-) derivative? display nearly coincident absorption 
maxima (275 to 280 my) and extinction coefficients based on nitrogen con- 
tent. 

From the sedimentation patterns of bovine serum albumin (Fig. 2, B 
and C’) before and after treatment with magnesium oxide alone, it appears 
that no appreciable change in the particle size of the protein is brought 
about by the exposure to magnesia. The sedimentation constant of the 


? Hereafter referred to as Cm-. 
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crystalline protein (B) is 3.2 S units at 15°, and this, when corrected for 
temperature, density, and viscosity, gives 82> = 4.0. The control sample 
(C) which had been stirred with a suspension of MgO for 72 hours at 37° 
showed 3.5 S units at 26° and 822 = 3.7. Both samples gave evidence of 
the presence of a second, faster moving component possibly because of the 
presence of a trace of a bivalent metal. The carboxymethylated sample 
(A) appeared to be homogeneous, and lacked the second component. Its 
sedimentation constant was 1.2 S units at 26°, whence seo» = 2.0. Approxi- 
mate values for the apparent diffusion coefficient, calculated from the same 




















Taste III 
Action of Trypsin on Progressively Carborymethylated Bovine Serum Albumin 
Substrates (1.0 m.eq. N i _ ee 
Corbummencthaylotion = er aba 0 rv, a 8 ie. 28 Ee 
Be II, 5 si0'sc sce wccenaca 86 49 | 15 | 0 
Total NH: liberated 
Time Trypsin added 
Substrate A | Substrate B Substrate C Substrate D 
hrs. aN peq. peq. peq. peq. 
0 81 
3 67 52 24 21 
6 27 
23 76 67 55 26 
25 70 
28 88 73 67 29 
29 54 
45 88 79 67 28 
46 83 
49 100 91 67 34 




















data by the method of Svedberg and Pedersen (5), were 4.3 & 10-7 cm? 
per second for the control bovine albumin and 1.0 X 10-7 em.? per second 
for the carboxymethyl derivative. These values, taken in conjunction, 
indicate that no notable degradation of the protein occurs during the 
carboxymethylation. 

Introduction of the carboxymethyl groups markedly reduces the suscep- 
tibility of bovine albumin to the action of trypsin, the degree of inhibition 
being dependent on the time of treatment with bromoacetate (Table ITI). 
Conversely, carboxymethylation of trypsin caused loss of enzymatic activ- 
ity (Table IV), which decreased to one-third after 3 hours and to one- 
twentieth after 7.5 hours of treatment with bromoacetate. This diminu- 
tion of activity was roughly proportional to the progressive decrease of 
amino nitrogen on carboxymethylation. Treatment with magnesia suspen- 
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sion alone had little effect on the proteolytic activity of the dialyzed prod- 
uct, although extensive autolysis occurred. 

Carboxymethylated bovine serum albumin, when injected in neutral so- 
jution either intravenously or intraperitoneally into rats, was rapidly and 
extensively excreted in the urine, 16 to 19 per cent of the dose being re- 
coverable in 24 hours (Table V). The excreted Cm-albumin appeared, 
from its sedimentation pattern (Fig. 2, D), to have undergone no appre- 
ciable degradation. Similar results, not here described, were obtained with 
carboxymethylated casein and globin. 








TABLE IV 
Enzymatic Activity of Carborymethylated Trypsin 
Ni hr. carboxy- | 7. ' ™ 
el Bm 
Ee EP Nae ee eee ee 0.91 0.76 1.58 3.39 
NHe-ENft (2 hrs.)............. 0.80 0.70 0.23 0.04 
si SS 1.24 1.25 0.50 0.11 











*N content (mg.) of enzyme preparation taken. 
+ Ratio of NH.-N set free to N in enzyme taken. 








TABLE V 
Urinary Excretion of Cm-Bovine Albumin 
Rat No. Cm-protein N injected | Method of injection Cm-protein N recovered 
mg. mg. 
1 38.4 Intravenous 6.1 
2 15.0 Intraperitoneal 2.9 
3 26.8 = 4.4 











The passage of Cm-proteins through the kidney is possibly referable to 
their preponderantly anionic character. It cannot be ascribed to tissue 
damage, for the urine samples from which Cm-albumin had been precipi- 
tated by acidification gave no precipitate on the addition of trichloroacetic 
acid. Moreover, pathological examination‘ of the liver and kidneys of the 
experimental animals revealed no evident lesion. 

A preliminary experiment on the application of the procedures outlined 
in the foregoing report (2) to a hydrolysate of the Cm-bovine albumin 
indicated the possible utility of this type of derivative for the identification 


3 Control tests indicated that less than 2 mg. of serum proteins in a 24 hour sample 
of urine can be detected by this procedure. 
‘Kindly performed by Dr. Abner Wolf of this College. 
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and estimation of terminal a-amino groups in proteins. After the removal] 
of products precipitable by mercuric acetate, addition of mercuric nitrate 
caused the precipitation of a solid which showed the properties of mercuric 
Cm-aspartate. The amount corresponded approximately to that expected 
for one terminal aspartyl group (6) in a protein of molecular weight 69,000, 
rather than to the larger and more diversified number of groups recently 
reported (7). 


EXPERIMENTAL 
Carboxymethylation of Bovine Serum Albumin 


An aqueous solution containing 500 mg. of the crystalline protein (12 per 
cent moisture), 6 mmoles of bromoacetate, and excess of MgO in 20 ml, 
was gently agitated at 35°. Filtered samples were periodically removed, 
Measured volumes of these were analyzed for amino nitrogen, for diazo 
coupling (imidazole plus phenolic), and for disulfide groups. In the diazo 
tests, 0.2 ml. samples were diluted with 5 ml. of water and treated succes- 
sively with 1 ml. of 1 per cent diazobenzenesulfonic acid; after 5 minutes, 
3 ml. of 20 per cent NasCO; and 10 ml. of 20 per cent ethanol were added. 
The mixtures were diluted to 25 ml. and the color intensity was measured 
photoelectrically with the use of a green filter. For the estimation of 
disulfide groups, 0.5 ml. samples were treated with 2 ml. of the phospho- 
tungstic acid solution of Folin (8), 10 ml. of 0.1 nN NaOH, and 1 ml. of 1 
mM NaSO;. The mixtures were allowed to stand for an hour at 25° and 
the color was measured with the use of a red filter. No color was developed 
when the addition of the sulfite was omitted. These tests were also carried 
out on neutralized acid hydrolysates of the analytical samples. 

After 72 hours, the remainder of the reaction mixture was centrifuged; 
the supernatant solution was acidified to pH 2 with HCl, cooled for several 
hours in the refrigerator, and centrifuged. The N content of the super- 
natant liquid showed that 99.6 per cent of the Cm-protein had been pre- 
cipitated by the HCl. The product redissolved when the pH of a suspen- 
sion was raised to 5, and could again be completely precipitated at pH 2. 
When a dry product was required, the solid was repeatedly washed with 
water, then with alcohol, and dried in vacuo over calcium chloride at room 
temperature. A typical preparation was found to contain N 13.7 and § 
1.76 per cent. 


Action of Trypsin on Cm-albumin 


The substrates referred to in Table III were prepared for the periods 
indicated by the procedure outlined above. The control sample (Substrate 
A) was treated with magnesia alone for 25 hours. The reaction mixtures 
were centrifuged; the clear solutions were adjusted to pH 7 with dilute HCl 
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oval | and dialyzed at 5°. After determination of total and amino (Van Slyke) 
trate nitrogen, quantities containing 1.0 m.eq. of N were diluted to 5 ml. and 
curic mixed with 5 ml. of 0.2 m phosphate buffer, pH 8. The resulting mixtures 
ected | were treated with a solution of crystalline trypsin in the quantities and at 
,000, the times shown. Aliquots were periodically withdrawn for formol titra- 


antly tion. The results represent the increases in NH2-N. 


Carboxymethylation of Trypsin 


Twice recrystallized trypsin containing 8.4 per cent total N and about 
50 per cent of magnesium sulfate was carboxymethylated in 0.1 gm. quan- 
tities with 0.6 mmole of bromoacetate in a total volume of 2 ml. for 3 and 
2per | 7.5 hours. A control was similarly carried out for 7.5 hours with MgO 
)ml. | alone. In each case the excess MgO was removed and the solution neu- 
ved. | tralized and dialyzed at 5°. In the control sample, autolysis appeared to 
liazo | have been extensive, for on dialysis more than 70 per cent of the nitrogen 
liazo | passed through the bag, and, of the nitrogen remaining in it, 20 per cent 


eces- | was present as NH.-N. In the presence of bromoacetate, much less autol- 
utes, ysis occurred: after 3 hours, 53 per cent was dialyzable and the ratio of 
ded. | amino to total nitrogen was 0.05; after 7.5 hours the corresponding values 
ured | were 29 per cent and 0.02. 

m of Appropriate amounts of the three preparations were added to solutions 


pho- | of 0.1 gm. of crystalline bovine albumin in 0.1 m phosphate buffer, pH 8, 
of 1 to give a total volume of 10 ml. Aliquot portions were taken for formol 
and | titration after 2 and 19 hours digestion at 37°. The values in ratio of 
oped | liberated NH2-N to enzyme N are presented in Table IV. 

sate Urinary Excretion of Cm-bovine Albumin 

ged ; The Cm-protein (72 hours treatment), twice precipitated by acid and 
veral thoroughly washed with water, was suspended in 10 parts of water and 
iper- | dissolved by addition of NaHCO; to pH 7. Solutions thus prepared were 
pre- injected intravenously or intraperitoneally into rats weighing 200 to 250 
pen- | gm. The urine collected during the ensuing 24 hour period was clarified 
H 2. | by centrifugation and acidified to pH 2.5 with HCl. The precipitate was 
with | centrifuged, washed twice with water, redissolved at pH 5, reprecipitated 
‘oom with acid, well washed, and redissolved. The amounts of Cm-protein in 
nd § the solutions injected and recovered were estimated by determination of 
N in aliquot portions. The results are shown in Table V. In a control 
experiment, in which a solution of 334 mg. of crystalline bovine albumin 
in 3.8 ml. was injected intravenously into a rat, the urine yielded no pre- 
riods cipitate with trichloroacetic acid. 

trate The Cm-albumin isolated from the urine of Rat 3 was dialyzed against 
“Ures 0.1 m phosphate buffer of pH 6.6 and its sedimentation pattern determined 
HCl in the ultracentrifuge (Fig. 2, D). 
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Ultracentrifugal Sedimentation 


The carboxymethylated albumin (Fig. 2, A), prepared by the usual pro- 
cedure (see above) during 72 hours, the crystalline albumin (Fig. 2, B) 
and its control (Fig. 2, C), treated with a suspension of magnesium oxide 
for 72 hours at 35°, were dialyzed against phosphate buffer, pH 6.6. All 
solutions were finally adjusted to a concentration of 1 per cent of protein 
for the sedimentation experiments. 


Terminal a-Amino Group in Bovine Albumin 


A sample of the protein, carboxymethylated for 27 hours, was boiled 
under a reflux with 6 n HCl for 20 hours, and a portion of the clear hy- 
drolysate containing 15.0 m.eq. of N was evaporated under reduced pres- 
sure. The excess of HCl was removed by repeated distillation under 
reduced pressure, with addition of water and, finally, of toluene. The 
residue was dissolved in 10 ml. of water and treated with 20 ml. of lu 
mercuric acetate solution. The precipitate was centrifuged and washed. 
The united supernatant solution was treated with an equal volume of 
ethanol, which brought down a further small quantity of precipitate; this 
was centrifuged and washed with 1:1 aqueous alcohol. Saturated mer- 
curic nitrate in excess was added to the combined solution, and the re- 
sultant precipitate was centrifuged, dissolved in 0.4 m NaCl, reprecipi- 
tated with mercuric nitrate, washed with water, and dried. It weighed 
8.0 mg. 

This substance showed the same melting point (179-182°, decomposition) 
and chromatographic behavior (Rr 0.34) as mercuric Cm-aspartate; with 
the reduced ninhydrin reagent, the chromatographic spot developed the 
pinkish purple color characteristic of mono-Cm-amino acids (2). The re- 
mainder of the mercuric salt was decomposed with H,§; the filtrate gave 
no color with ninhydrin under the usual conditions. 

The amount of nitrogen (0.23 mg.) in the above product, computed on 
the assumption that it consisted solely of mercuric Cm-aspartate, corre- 
sponds to 0.11 per cent of the total N in the hydrolysate. The theoretical 
value is 0.126 per cent for one terminal a-amino group in bovine albumin 
containing 16.07 per cent of N (3) and with a molecular weight of 69,000. 


SUMMARY 


1. Bovine serum albumin reacts with bromoacetate at pH 9 to yield 
derivatives in which the entrant carboxymethyl groups are attached to the 
amino, phenolic, and imidazole groups. 

2. No apparent degradation of the protein occurs in the reaction with 
bromoacetate. 
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3. The carboxymethylated protein is insoluble in water at pH 2, but 
pro- | soluble at pH 5 and above. It is not coagulable by heat and resembles a 
, B) denatured protein in the increased chemical accessibility of its disulfide and 
xide | jmidazole groups. 

All 4. The carboxymethylated protein, when administered intravenously or 
tein intraperitoneally to rats, is rapidly excreted through the kidney in essen- 
tially unchanged condition. 

5. Carboxymethylation offers promise as a means for the estimation and 
identification of terminal a-amino groups in proteins. 


riled 

hy- The authors are deeply indebted to Dr. Irwin B. Wilson and Dr. E. 
yres- Ellenbogen for advice and supervision in the ultracentrifugal studies, and 
nder to Dr. Abner Wolf for the pathological examinations. 
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PEPTIDES OBTAINED BY PEPTIC HYDROLYSIS OF 
PERFORMIC ACID-OXIDIZED RIBONUCLEASE 


By J. LEGGETT BAILEY, STANFORD MOORE, anv WILLIAM H. STEIN 
(From The Rockefeller Institute for Medical Research, New York 21, New York) 


(Received for publication, November 21, 1955) 


In a continuation of the structural studies on ribonuclease reported in 
earlier papers (1-3), the products resulting from the action of pepsin on 
performic acid-oxidized ribonuclease have been examined by means of ion 
exchange chromatography. Eight peptides have been isolated in purified 
form and their amino acid compositions have been determined. In a fol- 
lowing communication (4), a partial structural formula for oxidized ribo- 
nuclease is proposed which is derived by a joint consideration of the pep- 
tides obtained after hydrolysis by pepsin, trypsin (3), and chymotrypsin (4). 


EXPERIMENTAL 


Materials—Oxidized ribonuclease was prepared in 200 mg. lots from Ar- 
mour crystalline ribonuclease (Lot 381059) by the method previously de- 
scribed (3). The pepsin used was a twice recrystallized sample obtained 
from the Worthington Biochemical Corporation, Freehold, New Jersey (Lot 
PM538). 

Hydrolysis of Oxidized Ribonuclease by Pepsin—Rates of hydrolysis were 
determined at 25° in a 0.2 m sodium citrate buffer at pH 1.9 and at pH 2.2. 
The buffer at pH 2.2 was prepared from 105 gm. of citric acid, 42 gm. of 
sodium hydroxide, and 80 ml. of concentrated hydrochloric acid made up 
to 5 liters; concentrated hydrochloric acid was added to bring the buffer to 
pH 1.9. The course of hydrolysis at an enzyme concentration of 0.02 per 
cent and at substrate concentrations of 1 and 4 per cent was followed by the 
ninhydrin procedure (5). Samples to be chromatographed were brought 
to pH 7 with 2 nN NaOH to terminate the enzymatic action. After an inter- 
val of about 30 minutes, the sample was brought to pH 2.2 before it was 
transferred to the column. 

Chromatography of Peptides on Columns of Dowex 50-X2—The resin used 
in this work was Dowex 50-X2, Lot 3328-12 (200 to 400 mesh), purchased 
from The Dow Chemical Company, Midland, Michigan. The method of 
preparing and operating the Dowex 50-X2 columns has been described in 
detail in a previous communication (3). Peptic hydrolysates from 40 mg. 
of oxidized ribonuclease were analyzed on 150 X 0.9 cm. columns. Larger 
columns (150 X 1.8 cm.) were used for the fractionation of hydrolysates 
of 200 mg. of oxidized ribonuclease. The N and 2 N sodium acetate-cit- 
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rate buffers at pH 5.1 were added to the upper reservoir of the mixing 
device at effluent volumes of 1256 and 2750 ml., respectively (ef. Fig. 2). 
At the conclusion of the experiment, the resin was flushed from the in- 
verted column with distilled water, transferred to a Biichner funnel, and 
washed with 0.2 Nn NaOH. The alkaline eluate (60 ml.), containing any 
ninhydrin-positive materials still held by the resin at pH 5, was promptly 
neutralized with 6 nN HCl. 

When columns 0.9 cm. in diameter were used, alternate effluent fractions 
were analyzed directly by the modified ninhydrin method (5), and the re- 
maining fractions were analyzed after alkaline hydrolysis (3). With col- 
umns 1.8 cm. in diameter, aliquots were pipetted for analysis both with 
and without hydrolysis. Thus peptides giving a low color yield in the 
ninhydrin reaction were not overlooked. Quantitative amino acid analy- 
sis was carried out (3) on an aliquot of the pooled fractions containing each 
peptide. The aliquot was of a volume calculated to yield about 0.5 to 1 
umole of each constituent amino acid present as a single residue. 

Peptides 9 and 10 were desalted before analysis by exchange of sodium 
for ammonium acetate on a column of ammonium Dowex 50-X2, after 
which the ammonium salt was removed by lyophilization (cf. (3)). Most 
of the sodium ion was removed from Peptides 5 and 7 prior to acid hydrol- 
ysis by concentrating the solution to dryness, extracting the residue with 
concentrated HCl, and removing the precipitated sodium chloride by cen- 
trifugation. Peptides 2, 3, 6, 9, 10, and 11 were hydrolyzed with 6 n HC] 
under reflux for 22 hours. Peptides 5 and 7 were hydrolyzed for 22 hours 
at 115° with 6 n HCl in evacuated sealed tubes. 

Chromatography of Peptides on Columns of Amberlite IRC-50 (X E-64)— 
Since short times of peptic hydrolysis yielded appreciable percentages of 
peptides which could be eluted from Dowex 50 only by NaOH, a study was 
made of the possibility of fractionating these strongly bound segments on 
a carboxylic acid resin. Columns 30 X 0.9 cm. and 60 X 0.9 cm. were 
prepared with resin (XE-64, batch No. 2165, 200 to 400 mesh) that had 
been pretreated in the manner described for the chromatography of ribo- 
nuclease (6). To obtain the chromatogram shown in Fig. 3, a 4 hour pep- 
tic hydrolysate of oxidized ribonuclease (2 ml. volume) was adjusted to 
pH 5.85 and applied to a column 54 X 0.9 em. equilibrated at pH 6.02 
with 0.2 m phosphate buffer made up as described in the preceding studies 
(7). Effluent fractions of 1 ml. were collected from which 0.1 ml. aliquots 
were taken for analysis by the ninhydrin method. 


Results 


The curves shown in Fig. 1 give the rates of hydrolysis of oxidized ribo- 
nuclease by pepsin under two experimental conditions. Chromatographic 
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analysis was performed upon peptide mixtures obtained after 4 hours of 
hydrolysis at an enzyme-substrate ratio of 1:230 (similar to hydrolysate 

for Curve A, Fig. 1) and after 24 hours of hydrolysis at an enzyme-sub- 
id strate ratio of 1:50 (similar to hydrolysate for Curve B, Fig. 1). From 

















nd the increase in ninhydrin color, it was calculated that seven and eleven 
y peptide bonds, respectively, could have been split quantitatively (twelve 
are hydrolyzed by trypsin (3)). In actuality, as will appear later, incom- 
" plete hydrolysis of a larger number of bonds undoubtedly takes place. 
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Fic. 1. The rate of hydrolysis of oxidized ribonuclease by pepsin at 25°. Curve A, 
— pepsin concentration, 0.02 per cent; oxidized ribonuclease concentration, 4 per cent; 
of pH 2.2. Curve B, pepsin concentration, 0.02 per cent; oxidized ribonuclease concen- 
vas tration, 1 per cent; pH 1.9. The curves have been corrected for the small amount of 
oa autodigestion occurring in control solutions of the enzyme. 
ere ; : ; sia : 
Chromatography of the peptides obtained from 187 mg. of oxidized ribo- 
ad f ; ; “ 
bo nuclease after a restricted treatment with pepsin (Curve A) gave the ef- 
. fluent curve shown by the solid line in Fig. 2. As indicated by the dash 
line, the peaks numbered 5, 6, 7, and 10 were found to rise when the en- 


02 zyme-substrate ratio was increased to 1:50 (the pepsin concentration re- 
UZ “ . , ‘ 
maining constant) and the hydrolysis time was lengthened to 24 hours. 


pe The yield of Peptide 2 decreased under these conditions. T he results ob- 
tained after hydrolysis of aliquots of each of the effluent fractions with al- 
kali have not been included on the curve, inasmuch as no ninhydrin-nega- 
tive peptides were found. The peak given by ammonia (accumulated from 
7 the reagents) was identified from its disappearance during alkaline hydrol- 


. ysis. 
hic re , F _— : : 
The molar ratios summarized in Table I, considered together with the 
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chromatographic results (Fig. 2), indicated that the peaks labeled 2, 3, 5, 
6, 7, 9, and 10 probably had arisen from individual peptides. The amino 
acid composition of each of the principal peptides is shown in Fig. 2 above 
the appropriate peak. Amino acid analyses of the fractions derived from 
the peaks labeled 1, 4, and 8 indicated that single peptides were clearly not 
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Fic. 2. The peptides in a 4 hour peptic hydrolysate of oxidized ribonuclease pre- 
pared under the conditions given for Curve A, Fig. 1. The dash line indicates the 
sizes of the corresponding peaks when a 24 hour hydrolysate prepared under the con- 
ditions given for Curve B, Fig. 1, was chromatographed. Chromatography of a hy- 
drolysate from 187 mg. of protein was carried out on a 150 X 1.8 em. column of Dowex 
50-X2. The mixing chamber for the influent buffer had a volume of 2450 ml. The 
effluent was collected in 10 ml. fractions. Aliquots (0.5 ml.) were removed for analy- 
sis by the ninhydrin method. The figures in parentheses give the yield of each pep- 
tide under the conditions of hydrolysis shown for Curve A and Curve B (Fig. 1), re- 
spectively. The yields were derived from the amino acid analyses of the peptides. 
The sequence of the amino acid residues in brackets is undetermined. 


present in these instances and no attempt was made to resolve these mix- 
tures further. 

When the less completely hydrolyzed sample (Curve A) was chromato- 
graphed on Dowex 50-X2, a considerable quantity of the ninhydrin-positive 
material applied to the column was found to be so strongly adsorbed that 
elution with alkali was required. An attempt was therefore made to frac- 
tionate the hydrolysate on a column of IRC-50 (54 X 0.9 em.) equilibrated 
at pH 6.02, with the results shown in Fig. 3. Amino acid analyses sug- 
gested that the peak labeled 11 had arisen from a large peptide of 42 or 
43 amino acid residues not found in the eluate from the Dowex 50 column 
at pH 5. The last component eluted from the IRC-50 column (at 58 ml. 
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5 in Fig. 3) had the same amino acid composition as Peak 9 (Fig. 2) and the 


7 two have been assumed to be identical. 

om In accordance with the terminology adopted in the previous communica- 
oe tion (3), the series of peptides obtained by peptic hydrolysis of oxidized 
not ribonuclease is referred to in Table I by numbers with the prefix O-Pep. 


The composition of the individual peptides in terms of the integral number 
of residues of the constituent amino acids per molecule is given in bold- 
faced type. All values for amino acids present at as much as 0.01 of a 
residue are included. Many of the peptides contain significantly greater 
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39 
gO 40F [Asp,,Glu,,Ala, Val,,Leu,,Serg, 
a> Thry,Cy52,Mets,Pro,Phe, Tyr 
& E 30 His,,Ly53,Arqs] (43%) 
$2 
eo 
EO 20+ I 
gg 
£3 9 
& 2 1.0 
pre- Aa 
; the ! | | 
con- 20 40 60 
ay Effiuent volume, ml. 
ywex 
The Fic. 3. The peptides in a 4 hour peptic hydrolysate of oxidized ribonuclease pre- 
saly- pared under the conditions given for Curve A, Fig.1. Chromatography of a hydroly- 
pep- sate from 40 mg. of protein was carried out on a 54 X 0.9 em. column of IRC-50 (XE- 
nm 64). A 0.2 m sodium phosphate buffer at pH 6.02 was used as eluent. 
ides. 
amounts of impurities than did the products obtained from the tryptic 
hydrolysates (3). The less specific character of the peptic hydrolysis ap- 
mix- parently produces a larger number of peptides in low yield and the result- 
ing mixture is fractionated less effectively by the column. Values for amide 
ato- | ammonia were not sufficiently accurate to warrant inclusion in Table I. 


itive Tentative formulae have been assigned to O-Pep 9 and O-Pep 6 (cf. Fig. 
that 2). The distinctive empirical formula of O-Pep 9, Glu,Thr,Ala;,Phe,Lyse, 


frac- indicates that it arises from the amino-terminal end of the ribonuclease 
ated | molecule (3) and corresponds to the previously isolated terminal heptapep- 
sug- tide, O-Tryp 10, plus a phenylalanine residue. This conclusion is given 


2 or | additional support by the isolation of the same octapeptide (O-Chy 25) 
umn from chymotryptie digests of oxidized ribonuclease (4). The structure 
3ml. | Lys.Glu.Thr.Ala.Ala- assigned to O-Pep 6 is logical, assuming this peptide 
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TABLE [ 


Amino Acid Composition of Peptide Fractions Obtained from Peptic Hydrolysis 
of Oxidized Ribonuclease 
The amino acid composition of each peptide fraction obtained from chromato- 
grams of the type shown in Figs. 2 and 3 is expressed in terms of the molar ratios of 
the constituent amino acids. The values for the principal components are given in 
bold-faced type. Values for amino acids present to less than 0.01 of a single residue 
are omitted. 


























Peptide 
Amino acid 
O-Pep 2/0-Pep 3) O-Pep 5 (0-Pep clo-Pep 1lo-Pep 9| O-Pep 10 | O-Pep 11 
Aspartic acid........... 1.04} 1.01 | 1.05 | 0.15 | 0.13 | 0.05 5.76 
de ereer rere 0.16 | 0.92 | 1.08 | 1.06 | 1.14 | 0.98 | 1.03 3.96 
WME. J-0a. oes savens 0.06 1.14 | 0.16 | 0.11 | 0.14 0.23 
OT rer oe 0.99 | 1.03 | 1.01 | 1.97 | 0.12 | 3.19 2.16 
Re Alea! 0.97 | 1.03 | 1.77 0.93 | 0.07 | 0.94 2.09 
DR rere 0.04 | 0.01 0.11 | 1.00 | 0.05 | 0.98 2.06 
IS onic taiclevis eet 0.06 0.02 | 0.04 0.07 
A ee mere 0.95 | 0.12 | 0.33 | 0.22 | 1.18 | 0.24 | 1.09 7.31* 
Threonine.............| 0.06 0.23 | 1.12 | 0.08 | 0.96 3.12 
Cysteic acid............ 1.20 | 0.05 2.21 
Methionine sulfone. .... 0.05 2.52 
SEE Pee ere 1.88 1.18 
Phenylalanine. ......... 0.92 | 0.11 0.86 | 0.99 1.13 
| Seeeeosieperney 0.06 0.927 0.06 0.05 1.04 
ER ees 0.93 0.94 0.11 | 1.06 2.16 
errr 0.09 0.17 | 0.97 | 0.07 | 1.97 3.09 
I 5 isicasse acces hn 2.89 
Total No. of residues.| 4 4 12 5 5 8 6 42-43 


























* An approximate correction of 10 per cent for decomposition of serine during hy- 
drolysis makes the molar ratio of serine doubtful in this instance. A value of 8 
rather than 7 residues has been included in Fig. 2 and appears more likely to be the 
correct value on the basis of the formula given in the accompanying paper (4). 

+ Low recoveries of tyrosine have been observed when small quantities of tyrosine- 
containing peptides are hydrolyzed in the presence of large amounts of acetate or 
citrate buffers, as noted in the accompanying paper on the chymotrypsin series of 
peptides (4). The above value for tyrosine is based upon the amount of the tyrosine 
in the hydrolysate (molar ratio of 0.57) plus the quantity of the tyrosine decomposi- 
tion product emerging near the position of monochlorotyrosine in the chromato- 
graphic analysis. 


to be derived from O-Pep 9 during the more extensive hydrolysis. This 
assumption is strengthened by the fact that O-Pep 9 could no longer be 
detected after the more drastic hydrolysis by pepsin, while the yield of 
O-Pep 6 rises concomitantly to 100 per cent. 
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O-Pep 2 (Asp,Ala,Ser,Val) has the same amino acid composition and 
chromatographic behavior as O-Chy 4 (ef. (4)), and hence the two may be 
assumed to be identical. The same peptide has been isolated from peptic 
hydrolysates of unoxidized ribonuclease by Anfinsen (8). In the accom- 
panying paper (4) it is concluded that this valine-containing tetrapeptide 
occurs at the carboxyl-terminal end of the chain and that O-Pep 5, con- 
taining 12 residues, is the segment immediately preceding O-Pep 2 in the 
carboxyl-terminal sequence. 


DISCUSSION 


When the peptides isolated from peptic hydrolysates are considered in 
the light of the partial formula for oxidized ribonuclease proposed in the 
accompanying communication (4), it would appear that pepsin has acted 
predominantly at the two ends of the peptide chain. O-Pep 2 and 5 are 
derived from the last 16 residues in the carboxyl-terminal sequence, while 
0-Pep 3, 6, 7, 9, 10, and 11 all are split from the first 55 residues starting 
at the amino-terminal end. The central section of the chain has not been 
accounted for. The evidence from the present study for the individuality 
of O-Pep 11 is not strong. The likelihood that it represents a single pep- 
tide rests upon the fact that its amino acid composition fits a sequence of 
43 amino acid residues following O-Pep 9 in the first half of the formula of 
the protein (4). 

From the work with synthetic substrates (cf. (9) for a summary), pep- 
sin would be expected to cleave oxidized ribonuclease preferentially at pep- 
tide bonds involving the 9 aromatic amino acid residues. It is clear from 
the present results, however, that a number of peptide bonds, in addition 
to those involving the aromatic amino acids, have been hydrolyzed and 
that not all of the peptides expected by splitting at tyrosine and phenylala- 
nine residues have been formed. Moreover, several of the peptide fragments 
that have been identified are obtained in relatively poor yield. These facts 
indicate that the action of pepsin is rather complex, a conclusion that also 
emerges from the work of Sanger, Thompson, and Tuppy (10) on insulin 
and of Bell (11) on corticotropin. Pepsin is a less specific hydrolytic agent 
than trypsin or chymotrypsin for use in studies on the structure of proteins. 
Nevertheless, the peptides that have been isolated from peptic hydrolysates 
of oxidized ribonuclease have provided limited but useful information con- 
cerning the arrangement of amino acid residues in certain sections of the 
ribonuclease molecule. 


SUMMARY 


The mixture of peptides resulting from the hydrolysis of oxidized ribo- 
nuclease by pepsin has been fractionated on columns of Dowex 50-X2. 
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Eight peptides have been separated in purified form in yields of 10 to 100 
per cent. About half of the 124 amino acid residues in the protein have 
been accounted for in terms of two tetra-, one hexa-, and one octapeptide 
and two large fragments of 12 and 43 amino acid residues, respectively. 
The results, although providing a less complete accounting for the amino 
acid residues in the molecule than experiments with trypsin and chymo- 
trypsin, give evidence concerning the arrangement in both the amino-ter- 
minal and carboxyl-terminal sections of the peptide chain. 
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In a previous investigation dealing with the structure of ribonuclease 
2), trypsin was used as a specific hydrolytic reagent to cleave the single 
peptide chain of the performic acid-oxidized protein at the carboxyl groups 
of the lysine and arginine residues. Tryptic hydrolysis led to the forma- 
tion, in good yield, of thirteen segments, which accounted for all of the 
nolecule.? 

The next stage in the structural study has been to establish the order in 
si0- which the series of peptides formed by the action of trypsin is linked to- 
ris, gether in the original chain. The information required for the completion 
if this aspect of the study has been furnished by the present experiments 
in which oxidized ribonuclease is cleaved specifically by chymotrypsin at 
bonds other than those hydrolyzed by trypsin. ‘The peptides formed have 
teen separated on columns of Dowex 50-X2 and the amino acid composi- 
tion of each has been determined quantitatively. From these data, coupled 
vith the information derived from the series of peptides formed by the ac- 
tion of trypsin, it has been possible to deduce for the oxidized protein a 
jartial structural formula that reveals the order in which the various pep- 
tides are linked to one another in the intact molecule. The additional in- 
formation derived from the peptides liberated by the action of pepsin (3) 
has been incorporated in the formulation of the chain. 


ns, 


EXPERIMENTAL 


Material—Performic acid-oxidized ribonuclease was prepared from Ar- 
nour’s crystalline ribonuclease (Lot 381059) by the procedure described 
previously (4). Each batch used in preparative scale work was subjected 
to quantitative amino acid analysis (4) prior to use to be certain that cys- 

*A preliminary report of this work was presented at the Third International 
Congress of Biochemistry, Brussels, August 1-6, 1955 (1). 

‘As a working hypothesis it is assumed that ribonuclease has 4, not 5, proline resi- 


dues and 15, rather than 16, aspartic acid residues, making a total of 124 residues per 
molecule (cf. under ‘“‘Discussion”’ in Hirs e¢ al. (2)). 
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tine had been converted to cysteic acid, methionine to the sulfone, and that 
all of the other amino acids, particularly tyrosine (4), were present in the 
expected quantities. 

Crystalline, salt-free chymotrypsin, purchased from the Worthington 
Biochemical Corporation, Freehold, New Jersey (lots No. CD521 and CD. 
425SF), was used in this work. The trypsin content of these prepara- 
tions was found to be 0.6 and 0.8 per cent, respectively, as determined by 
the rate of hydrolysis of carbobenzoxy-L-argininamide. 

Hydrolysis of Oxidized Ribonuclease with Chymotrypsin—The rate of the 
chymotryptic hydrolysis of oxidized ribonuclease was determined at 25° 
exactly as described for the corresponding experiments with trypsin (2), 
The substrate was present at a concentration of 1.0 per cent in the phos- 
phate buffer at pH 7.0, and the concentration of chymotrypsin was 0,005 
per cent. The reaction was terminated by adding n HCl to bring the solu- 
tion to pH 2.2. 

Chromatography of Peptides on Columns of Dowex 50-X2—The primary 
separation of the peptides shown in Fig. 2 was effected on 150 X 1.8 em. 
columns of Dowex 50-X2, operated in the Na form, by procedures identi- 
cal to those described for the fractionation of the mixture of peptides ob- 
tained in the tryptic hydrolysis of oxidized ribonuclease (2). The eluents 
required for the rechromatography of the overlapping zones from the chro- 
matogram shown in Fig. 2 were prepared by appropriate dilution of the 
stock 2 n sodium citrate-acetate buffer at pH 5.1 described in a previous 
paper (2). 

The effluent fractions were collected and analyzed, and the amino acid 
analyses were performed in the manner described previously. All peptides 
were hydrolyzed for 22 hours at 110° with 6 Nn HCl in evacuated sealed 
tubes made from thick walled 50 ml. centrifuge bottles (Corning No. 8420). 
It has been noticed that, when peptides containing tyrosine are hydrolyzed 
in the presence of very high concentrations of acetate-citrate buffer, almost 
complete decomposition of tyrosine may occur, with the concomitant forma- 
tion of about half the molar amount of a substance exhibiting the chroma- 
tographic behavior of chlorotyrosine (4). For this reason, the peptides 
present in Peaks 22 and 29 (Fig. 2), which require about a 1 m buffer for 
elution, were desalted (2) prior to the preparation of hydrolysates for the 
determination of tyrosine.” 

2 In current experiments in which Dowex 50-X2 columns are employed for the 
chromatography of peptides, sodium acetate buffers are being used in preference to 
sodium citrate buffers. If the salt concentration in the effluent is reduced by treat- 
ment of the aliquot removed for analysis with concentrated HCl ((2), foot-note 8) 
and by evaporation of acetic acid before rather than after hydrolysis, the decomposi- 


tion of tyrosine can be minimized. Alternatively, the columns can be operated 
initially with volatile ammonium acetate buffers. 
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Results 


The rate of hydrolysis of oxidized ribonuclease by chymotrypsin at pH 
7.0 and 25°, measured by the ninhydrin method (5), is shown by the solid 
line in Fig. 1. The dash line gives for comparison the corresponding result 
obtained with trypsin under identical experimental conditions. Whereas 
the rate of hydrolysis of oxidized ribonuclease in the presence of trypsin be- 
comes extremely slow after the first 6 hours, hydrolysis in the presence of 
chymotrypsin proceeds at an appreciable rate throughout the first 20 hours. 
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1 2 3 4 5 6 
Time (hours) 

Fic. 1. The rate of the hydrolysis of oxidized ribonuclease (1 per cent solution) 
by chymotrypsin (O) and trypsin (@) at pH 7.0 and 25° (enzyme concentration, 
0.005 per cent). The curves have been corrected for the small amount of autodi- 
gestion occurring in a control solution of the enzyme. 


20 


Since trypsin catalyzes the hydrolysis of twelve bonds (2), the result shown 
in Fig. 1 would indicate that the action of chymotrypsin has caused the hy- 
drolysis of at least fifteen to sixteen peptide bonds, on the average, after 
20 hours and that there is a considerable variation in the susceptibility of 
many of these bonds. 

In view of the apparently less specific character of the action of chymo- 
trypsin, the optimal conditions for hydrolysis were determined by analyti- 
cal scale experiments in which columns of Dowex 50-X2 were employed to 
separate the peptides formed after progressively longer periods of exposure 
tothe enzyme. Asa result of these tests, a 24 hour hydrolysis was selected 
for the preparative scale experiments. After 24 hours, a number of pep- 
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tides shown to be present after shorter times of hydrolysis had completely 
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Fig. 2. The peptides in a 24 hour chymotryptic hydrolysate of oxidized ribonu- | j, Fig 
clease. Chromatography of a hydrolysate from 200 mg. of protein was carried out on ; 
a 150 X 1.8 cm. column of Dowex 50-X2. The mixing chamber for the influent buffer ogra 
had a volume of 2450 ml. The effluent was collected in 10 ml. fractions. Aliquots The 
(0.5 ml.) were removed for analysis by the ninhydrin method. The dash line gives } rized 
the ninhydrin color obtained after alkaline hydrolysis of aliquots of the effluent frac- | Table 
tions. The figures in parentheses give the yield of each peptide. The sequence of fix O-( 
the amino acid residues in brackets is undetermined. ‘ 
drolys 
hereaf 
The hydrolysis was repeated on a larger scale, with 200 mg. of oxidized Sees 
ribonuclease, and the peptides obtained after 24 hours were separated as inn > 
shown in Fig. 2. The results obtained after hydrolysis of aliquots of each han 
of the effluent fractions with alkali have not been included on this curve, of the 
except in the region around 0.75 liter of effluent, where there was detected a tien 
peptide (Peak 2) which gave no color with ninhydrin before hydrolysis. No with t 
other major ninhydrin-negative peptides were found. The peak given by ously 
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ammonia (accumulated from the reagents during the preparation of the 
peptides) disappeared in the course of the alkaline hydrolysis to reveal the 
small peak arising from Peptide 13. 

On the basis of the quantitative amino acid analyses given in Table I, the 
peaks marked 2, 3, 6, 19, 21, 22, 25, 27, 29, 30, and 31 in Fig. 2 appeared to 
arise from individual peptides. The amino acid composition of each of 
these peptides is given in terms of the integral number of residues of each 
constituent amino acid and is indicated in abbreviated form adjacent to 
the corresponding peak on the curve. In the formulation of those peptides 
containing phenylalanine or tyrosine residues, the assumption has been 
made, in accordance with the specificity studies of Bergmann and Fruton 
(cf. Green and Neurath (6)), that chymotryptic hydrolysis occurred at the 
carboxyl bond of the aromatic amino acid and that, therefore, these resi- 
dues occupy carboxyl-terminal positions in the peptides. 

The amino acid analyses indicated the presence of mixtures of peptides 
in the regions of the curve marked 4 + 5,11 + 12,and 14+ 15+ 16. To 
separate these peptides, rechromatography under different experimental 
conditions of pH and temperature on columns 150 X 1.8 cm. was employed. 

The partly separated mixture 4 + 5 in Fig. 2 was completely resolved 
into its components (Fig. 3, A) on a column operated at 50°, from which 
elution was effected with 0.2 n sodium citrate buffer at pH 3.1. The alka- 
line hydrolysis procedure was employed for the analysis of aliquots of the 
effluent fractions in order to conserve material. Rechromatography of the 
peptide mixture marked 11 + 12 in Fig. 2, on a column operated at 50° 
with a buffer of gradually increasing pH (3.1 to 5.1) as the eluent, gave the 


| result shown in Fig. 3, B. Similarly, the mixture of peptides marked 14 + 


15 + 16 in Fig. 2 was separated into its constituents, with the result shown 
in Fig. 3, C. The calculated yields for peptides that required rechroma- 
tography are minimal. 

The analytical data for the peptides shown in Figs. 2 and 3 are summa- 
rized in Table I. For purposes of identification, the peptides listed in 
Table I are numbered as they appear in Figs. 2 and 3, with the added pre- 
fix O-Chy to denote that they have been derived by the chymotryptic hy- 
drolysis of oxidized ribonuclease. These abbreviations will be followed 
hereafter. The compositions of the individual peptides in terms of the 
integral number of residues of the constituent amino acids per molecule 
are given in bold-faced type in Table I. All values for amino acids present 
at as much as 0.01 of a residue are included. It will be apparent that most 
of the peptide fractions secured from the chromatograms contain impuri- 
ties, although the quantities, on a residue basis, rarely exceed 15 per cent, 
with the apparent exception of cysteic acid. As has been discussed previ- 
ously (2), high values for cysteic acid are frequently obtained from pep- 
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Ninhydrin Color Value after Alkaline Hydrolysis (Leucine equivalents- mM conc.) 


Fic. 3. Rechromatography of peptide fractions obtained from the chromatogram F 
In each case chromatography was carried out on a 150 X 1.8 em. 
column of Dowex 50-X2. A 2450 ml. mixing chamber for the influent buffer was 
used. The effluent was collected in 10 ml. fractions and 0.50 ml. aliquots were re- 
moved and subjected to alkaline hydrolysis prior to analysis by the ninhydrin 


shown in Fig. 2. 


method. 


tides that have been hydrolyzed in the presence of excess buffer salts be- 
cause of slight interference from material that emerges near the break out 
of the solvent front and reacts with ninhydrin to give a red color. 

Of the peptides presented in Table I, only four require separate com- 
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ment. O-Chy 14 consists of 18 residues and contains 2 residues of tyrosine 
per molecule. Thus, 1 of the 6 tyrosine residues in ribonuclease (7) 
must be linked by its carboxyl group to an amino acid that confers chymo. 
trypsin resistance to the bond. Since Bell (8) has shown that a -Tyr.Pro. 
bond in £-corticotropin is resistant to chymotrypsin, and since peptide 
O-Chy 14 contains a proline residue, it is possible that this same bond may 
be present in the peptide and be responsible for the stability of one of the 
tyrosyl linkages. 

O-Chy 2, previously referred to in connection with Fig. 2, is a ninhydrin- 
negative tripeptide containing glutamic acid, serine, and methionine gul- 
fone. The failure to give color with ninhydrin suggests that the peptide 
contains an amino-terminal pyrrolidonecarboxylic acid group, formed by 
the cyclization of an amino-terminal glutamine residue. Since the peptide 
was recovered in good yield, such a cyclization could not have taken place 
during chromatography, but probably occurred during the enzymatic hy- 
drolysis or in the course of the storage thereafter at pH 2 before the 
mixture was chromatographed. Sanger, Thompson, and Kitai (9) have 
recently described a number of peptides containing amino-terminal gluta- 
mine residues, which were obtained from insulin, and which readily under- 
went cyclization to pyrrolidonecarboxylic acid derivatives. Such a reae- 
tion may underlie the observed difference in chromatographic behavior 
(Fig. 2) of the two glutamic acid-containing peptides, O-Chy 15 and 16, 
which have the same amino acid composition (Table I). The amide-NH;, 
approximations are not accurate enough to be definitive on this point. 

A number of peptide fractions from the chromatogram shown in Fig, 2 
were obtained in too small a yield to permit precise amino acid analysis or 
represented mixtures of peptides obtained in low yields. These fractions 
are not included in Table I. Peak 1 arose from a peptide obtained in a 
yield of about 20 per cent, with the approximate composition Cys,Glu, Asp, 
Metz, but contaminated with appreciable quantities of other acidic peptides. 
Since material moving near the break out of the solvent front is unlikely to 
be well resolved, no attempts were made to separate a pure peptide from 
the mixture. Peak 9 corresponded to a mixture of at least two large pep- 
tides obtained in yields of less than 10 per cent, and it was not investigated 
further. The broad zone including Peak 10 appeared to be composed o! 
small peptides obtained in low yield. The analyses revealed that Peak 13 
arose from a mixture of at least two peptides, obtained in about 8 per cent 
yield, containing leucine and valine, and related in composition to O-Chy 
16. Peak 17 represented material analyzed for a 10 per cent yield of : 
large segment related to peptide O-Chy 16 but contaminated by a smaller 
quantity of another peptide. Peak 20 was composed largely of peptide 
O-Tryp 10 (cf. Fig. 2 (2)), obtained in 15 per cent yield, but contaminated 
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sith at least one other peptide obtained in 4 per cent yield per molecule of 
oxidized ribonuclease. It is not possible to state whether or not this small 
amount of O-Tryp 10 was formed as a result of the action of the trace of 
trypsin that contaminated the chymotrypsin. The effluent fractions com- 
prising Peaks 7, 8, 18, 23, 24, 26, 28, and 32 gave relatively small increases 
in ninhydrin color following hydrolysis, and the mixtures were not studied 
in detail. 


DISCUSSION 


Chymotryptic Hydrolysis—From the present state of knowledge concern- 
ing the specificity of chymotrypsin (cf. (6)), hydrolysis appears to occur 
preferentially at the peptide bonds involving the carboxyl groups of resi- 
dues of the type —NHCH(CH:R)CO—, where R is an aromatic or large 
seutral substituent. On this basis, the action of the enzyme on oxidized 
fbonuclease would be expected to be most rapid at the peptide bonds in- 
vlving the carboxyl groups of the 6 tyrosine and the 3 phenylalanine resi- 
dues in the peptide chain. Slower cleavages would be expected at the car- 
boxyl groups of the 2 leucine residues, and perhaps at the carboxyl groups 
ifthe 4 methionine suifone residues. No information as to the action of 
chymotrypsin on peptides containing methionine sulfone residues is avail- 
ible, but it is known (ef. (6)) that synthetic substrates containing methi- 
mine are split. Hydrolysis at other loci in oxidized ribonuclease might 
be anticipated, however, since Sanger and Thompson (10) found that a 
wsteic acid-serine bond in the glycy] chain of insulin is cleaved during chy- 
notryptic hydrolysis. 

The view that chymotrypsin will hydrolyze preferentially peptide bonds 
involving the carboxyl groups of the aromatic amino acids is supported by 
the data in Table I. The 3 phenylalanine residues in the peptide chain 
have been recovered in the three peptides O-Chy 25, 30, and 31, each ob- 
tained in yields of between 65 and 75 per cent per molecule of oxidized ribo- 
muclease. The 6 tyrosine residues are present in five analytically distinct 
and unrelated peptides, O-Chy 2, 3, 5, 11, and 14, each obtained in yields 
of between 40 and 80 per cent per molecule of oxidized ribonuclease. O- 
Chy 22 and 29, obtained in lower yields, are less completely hydrolyzed 
tyrosine-containing peptides that will be shown to include the residues 
contained in O-Chy 11 and 3, respectively. 

The fact that hydrolysis by chymotrypsin is not limited to bonds involv- 
ing the aromatic residues, but also occurs more slowly at other points in the 
peptide chain of oxidized ribonuclease, is brought out by the data in Table 
land in Figs. 2and3. O-Chy 6 contains only serine, threonine, and methio- 
nine sulfone, and in its formation a splitting at the carboxyl group of 
methionine sulfone probably occurred. Indication of relatively non-spe- 
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cific hydrolysisis also afforded by peptide O-Chy 19 (26 per cent yield), which 
contains no phenylalanine, tyrosine, leucine, or methionine sulfone, and 
which is subsequently shown not to arise from the carboxy]l-terminal end 
of the chain. The sum of the number of amino acid residues recovered 
from the individual peptides listed in Table I is 151, excluding O-Chy 12, 
obtained in only 6 per cent yield, and counting O-Chy 15 and 16 as one 
sequence. This value considerably exceeds 124, which is the total number 
of residues known to be present in the molecule. There must, therefore, 
be certain portions of the peptide chain that appear in more than one of 
the peptide fragments isolated in relatively low yields (Figs. 2 and3). For 
example, the methionine sulfone residues in peptides O-Chy 6, 27, 21, and 
22 add up to 5, whereas there are only 4 methionine residues in the protein 
(7). The two peptides obtained in yields of 80 and 50 per cent, O-Chy 6 
and O-Chy 27, contain 1 and 2 methionine sulfone residues, respectively, 
The 4th methionine residue is probably shared by the two peptides isolated 
in the lowest yields, O-Chy 21 at 34 per cent and O-Chy 22 at 26 per cent. 
The amino acid analyses of these two fragments indicate that they do come 
from the same portion of the molecule, with O-Chy 21 corresponding to 
O-Chy 22 from which a segment of 7 residues (O-Chy 11) has been split by 
further hydrolysis. For reasons such as these, the results obtained after 
chymotryptic hydrolysis are more difficult to interpret than those secured 
after the action of trypsin. The thirteen principal peptides of the O-Tryp 
series account for the whole molecule in terms of 124 residues and thus pro- 
vide the soundest information to use as a basis for the derivation of a par- 
tial structural formula for the oxidized protein. 

Partial Structural Formula for Oxidized Ribonuclease—A consideration of 
the results presented in this and previous communications has made it pos- 
sible to propose as a working hypothesis a formulation that shows the man- 
ner in which the peptides produced by the action of trypsin, chymotrypsin, 
and pepsin are linked to one another in the original molecule of oxidized 
ribonuclease. In the derivation of this scheme (Fig. 4) certain assump- 
tions have been made. It is assumed in the first place that the amino acid 
residues in oxidized ribonuclease are linked in a single unbranched chain 
containing peptide bonds between only a-amino and a-carboxyl groups 
The evidence for the presence of a single chain has been presented by An- 
finsen et al. (11), and there is thus far no indication that branching occurs 
It has been assumed further that, in peptides resulting from the specific 
enzymatic action of trypsin (2), lysine or arginine, if present, occupies the 
carboxyl-terminal position. Similarly, it is assumed that tyrosine or phen: 
ylalanine, if present in peptides formed by the action of chymotrypsin, oc 
cupies the carboxyl-terminal position. The lysine- and arginine-free seg: 
ment of 20 residues obtained by tryptic action (O-Tryp 16) is reserved for 
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inclusion as the carboxyl-terminal section of the chain. Allocation of the 
amide groups to asparagine and glutamine residues is postponed until the 
end of the derivation. 

In deriving the arrangement shown in Fig. 4, it is simplest from the point 
of view of exposition to begin at the amino-terminal end of the chain and 
proceed stepwise towards the carboxyl-terminal end, linking, in appropri- 
ate order, the thirteen peptides obtained by tryptic hydrolysis. Actually, 
however, the same formula is derived irrespective of where the reconstruc- 
tion is begun, and alternative arrangements for the principal segments have 
invariably led to impasses which prevented the development of a complete 
formula compatible with all of the experimental data. 

0-Tryp 10-O0-Tryp 15—The heptapeptide sequence Lys.Glu.Thr. Ala. - 
Ala. Ala. Lys (O-Tryp 10) occurs at the amino-terminal end of the mole- 
cule ((2), Anfinsen ef al. (11)). An octapeptide corresponding in amino 
acid composition to O-Tryp 10 plus 1 residue of phenylalanine (O-Chy 25) 
has been isolated from the chymotryptic hydrolysate. From among the 
segments liberated by trypsin, O-Tryp 10 is the only possible source of 2 
lysine and 3 alanine residues in a heptapeptide sequence. Hence, from the 
composition of O-Chy 25, phenylalanine must occupy the eighth position 
inthe chain. Confirmatory evidence is provided by the isolation of O-Pep 
9 (the same octapeptide as O-Chy 25) and O-Pep 6 (Fig. 4) from the peptic 
hydrolysates (3). 

The second O-Tryp segment in the sequence must, therefore, contain a 
phenylalanine residue in the amino-terminal position. The 3 phenylal- 
anine residues in ribonuclease are present in O-Tryp 9, 15,and 16. O-Tryp 
16 is the carboxyl-terminal section of the molecule. In O-Tryp 9 phenylal- 
anine has been found not to be amino-terminal by the dinitropheny| 
method of Sanger. By elimination, therefore, the tripeptide O-Tryp 15 
is shown to follow O-Tryp 10, and the known end sequence is extended to 
10 residues by the addition of -Phe.Glu. Arg-. 

0-Tryp 15-0-Tryp 4—The peptide of the chymotrypsin series that pro- 
vides the linkage to the third O-Tryp segment must contain the sequence 
Glu. Arg at the amino-terminal end. O-Chy 14, 21, 22, and 27 contain 
glutamic acid and arginine residues. Two of these possibilities can be 
eliminated because the choice of either can be shown to lead to requirements 
that cannot be met by any of the remaining peptides of the trypsin series. 
The reasons for excluding O-Chy 27 are as follows: If the lysine-contain- 
ing decapeptide O-Chy 27 followed O-Chy 25, it would have toencompass 
Glu. Arg- plus either one complete lysine-containing O-Tryp peptide of 8 
or less residues (O-Tryp 5, 6,8, 11, or 14), or 1 of the 2 lysine residues of 
the longer peptide, O-Tryp 9. The first possibility is eliminated by the 
absence of both alanine and threonine from O-Chy 27, one or the other of 
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Fic. 4. A partial structural formula for oxidized ribonuclease. The amino acids sing! 
of the studies of the peptides liberated by tryptic, chymotryptic, and peptic hydrqjuences 
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i¢ acid residue, and each residue of methionine as the sulfone. The —NH: symbol 
present as the amide. The points of cleavage by trypsin are indicated by the solid 
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which is present in each of the six peptides listed above. ‘The second pos- 
sibility requires 8 of the residues in O-Chy 27 and O-Tryp 9 to be coinei- 
dent, which is impossible since O-Tryp 9 contains no methionine. If O-Chy 
14 followed O-Chy 25, the -Glu. Arg- of O-Tryp 15 would correspond to the 
single glutamic acid and arginine residues in O-Chy 14. Since O-Chy 14 
also contains a lysine residue, the remainder of this peptide would have to 
encompass an entire lysine-containing O-Tryp peptide of 16 residues or 
less. The composition of this peptide would have to be drawn from 
the following residues: Cys, Aspe, Lleu , Thr2 ,Ser2,Gly , Ala, Tyre, Pro, Lys. 
The only peptide of the trypsin series that could be included is O-Tryp 14 
(Cys,Asp,Ala,Pro,Tyre)Lys. If O-Tryp 14 were encompassed entirely 
by O-Chy 14, there would be required in O-Chy 14 the presence of 2 tyro- 
sine residues, neither of which would be carboxyl-terminal. This possi- 
bility is rendered extremely unlikely, inasmuch as chymotrypsin usually 
causes hydrolysis preferentially at peptide bonds involving the carboxyl 
groups of the aromatic amino acid residues. From these considerations, 
therefore, it is concluded that O-Chy 21 or 22 follows O-Chy 25. 

It has already been pointed out that O-Chy 21 and 22 apparently come 
from the same portion of the chain because they possess 10 residues in com- 
mon, including 1 of methionine. Accordingly, the two peptides are placed 
in the manner indicated in Fig. 4. The presence of 6 serine residues in 
O-Chy 22 requires the same number in the peptide of the O-Tryp series 
that follows O-Tryp 15. O-Tryp 4, as the only peptide fulfilling this re- 
quirement, must be the next segment in the chain. 

The amino acid composition of O-Chy 22 is equal to that of O-Chy 21 
plus O-Chy 11. O-Chy 11 is the only peptide of the chymotrypsin series 
that contains 3 serine residues that could fit in the position following 
O-Chy 21 in the manner shown in Fig. 4. 

O-Tryp 4-0-Tryp 12—O-Chy 27, since it contains lysine and 2 residues of 
methionine, is the only peptide of the chymotrypsin series that could link 
O-Tryp 4 to the next segment. O-Chy 27 is a decapeptide that also con- 
tains arginine, and hence the next peptide of the trypsin series following 
O-Tryp 4 must be one of the two short arginine-containing peptides, O-Tryp 
7 or 12 (Ser.Arg or Asp.Arg). The decision between them depends 
upon whether a serine or an aspartic acid residue is available from O-Chy 
27 for the position following lysine. It will be noted that the composi- 
tion of O-Chy 27 also requires a leucine residue in the peptide of the tryp- 
sin series that comes after O-Tryp 7 or 12. Since there are only 2 leu- 
cine residues in ribonuclease, this requirement is important for the dedue- 
tion of the sequence. The solution could have been reached by the per- 
formance of amino end-group analyses on the leucine-containing peptides, 
but an independent answer has come from the work of Anfinsen and Red- 
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field? who established the presence of the sequence Leu.Thr. Lys. Asp. Arg. 
This finding means that at least 1 leucine residue in the chain must precede 
Asp.Arg (O-Tryp 7), and hence it is Ser.Arg (O-Tryp 12) that follows 
0-Tryp 4. 

0-Tryp 12-0-Tryp 11-0-Tryp 7-0-Tryp 9—Kither of the two leucine- 
containing peptides, O-Tryp 9 or 11, could follow O-Tryp 12. The decision 
in favor of O-Tryp 11 is based jointly upon the findings of Anfinsen and Red- 
field referred to above and the isolation in 20 per cent yield of a peptide (O- 
Tryp 13 (2), Figs. 3 and 4), corresponding in composition to the sum of 
0-Tryp 9 and O-Tryp 7 (Asp.Arg), thus indicating that the two peptides 
occupy adjacent positions in the chain. If the leucine residue in O-Chy 27 
were to come from O-Tryp 9, then O-Tryp 11 would have to be placed ahead 
of O-Tryp 7 in order to provide the leucine residue required by the peptide 
isolated by Anfinsen and Redfield. Under these circumstances, O-Tryp 9 
and O-Tryp 7 could not be adjacent, as required by the composition of 
0-Tryp 13. This line of reasoning thus establishes the order O-Tryp 12, 
11, 7, and 9 and carries the formulation through 61 residues. 

The peptide of the chymotrypsin series that follows O-Chy 27 should 
contain residues of threonine, lysine, aspartic acid, and arginine. Only 
0-Chy 14 and 31 satisfy this requirement, and the former can be eliminated 
since it contains an isoleucine residue, whereas O-Tryp 9 does not. O-Chy 
16 must follow O-Chy 31 because it is the only remaining peptide of the 
chymotrypsin series that can supply the leucine residue required by 
0-Tryp 9. 

The composition of the segment from the 9th through the 51st residue 
corresponds to that found by Bailey et al. (3) for the large peptide (O-Pep 
ll) isolated from the peptic hydrolysate of oxidized ribonuclease. The 
unique composition of O-Pep 10, which contains phenylalanine, leucine, 
and histidine, and of O-Pep 7, which has the same residues except for phen- 
ylalanine, definitely places these peptides in the indicated position in O- 
Tryp 9. O-Pep 3 can be accommodated only in the latter half of O-Tryp 9, 
but its placement immediately adjacent to O-Pep 10 is arbitrary. 

0-Tryp 9-O-Tryp 5—The composition of O-Chy 16 requires that the 
peptide of the trypsin series after O-Tryp 9 has aspartic acid in the amino- 
terminal position. There are four possibilities, O-Tryp 2, 5, 8, and 14. 
A clue is provided by the isolation of O-Chy 12 (Table I) which was ob- 

*It is a pleasure to acknowledge the helpful interchange of information that has 
taken place between ourselves and Dr. Anfinsen and Dr. Redfield in the course of 
these studies. Their preliminary report on the sequence referred to above was pre- 
sented before the meeting of the Federation of American Societies for Experimental 


Biology, San Francisco, April, 1955 (12). The full account of their independent 


studies on the structure of oxidized ribonuclease is given by Redfield and Anfinsen 
(13). 
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tained in only 6 per cent yield, but which is analyzed for the sum of O-Chy 
16 and O-Chy 5. If O-Chy 5 follows O-Chy 16 in the chain, the next pep. 
tide from the trypsin series must contain lysine and this eliminates O-Tryp 
2. O-Chy 5 would have to contain 2 threonine residues to accommodate 
O-Tryp 8, or a proline and 2 tyrosine residues to accommodate O-Tryp 14, 
Since neither of these requirements is fulfilled, these two possibilities are 
eliminated and it is thus concluded that O-Tryp 5 follows O-Tryp 9. 

O-Tryp 5-O-Tryp 2—After the placement of O-Tryp 5, the residual com- 
position of O-Chy 5 requires the next peptide of the trypsin series to con- 
tain threonine and tyrosine, thus limiting the possibilities to only O-Tryp 2. 
The presence of isoleucine and arginine in O-Tryp 2 requires the next major 
peptide of the chymotrypsin series to be O-Chy 14, since 2 of the 3 isoleucine 
residues are assigned to the carboxyl-terminal segment (O-Tryp 16). The 
4th and last methionine sulfone residue in O-Chy 6 definitely places this 
peptide as a subfragment of O-Tryp 2. O-Chy 2 is the only remaining 
serine- and tyrosine-containing peptide of the series and its assignment to 
the position indicated in Fig. 4 completes the accounting for O-Tryp 2. 
There is no evidence, however, as to whether O-Chy 2 precedes or follows 
O-Chy 6, and the order shown is provisional. 

O-Tryp 2-0-Tryp 6-0-Tryp 14-0-Tryp 8—The lysine residue of O-Chy 14 
must come from one of the three remaining lysine-containing peptides of 
the trypsin series, O-Tryp 6, 8, or 14. The 2 threonine residues in O-Tryp 
8 eliminate it. O-Tryp 6 and O-Tryp 14 together account for all of the re- 
mainder of O-Chy 14 with 1 lysine residue left over. The indicated ar- 
rangement (Fig. 4), with O-Tryp 14 following O-Tryp 6, permits the as- 
signment of 1 of the 2 tyrosine residues in O-Tryp 14 to a carboxyl-terminal 
position in O-Chy 14, and thus fulfils the specificity requirements of chymo- 
trypsin. The placement of O-Chy 19 after O-Chy 14 permits the alloca- 
tion of the sole remaining lysine-containing peptide of the trypsin series, 
O-Tryp 8. O-Chy 19 and O-Tryp 8 are isomeric peptides that possess 
identical amino acid compositions but are clearly different on the basis of 
their chromatographic behavior. 

O0-Tryp 8-O-Tryp 16—The only remaining lysine-containing peptide o! 
the O-Chy series is O-Chy 29, and its placement after O-Chy 19 serves te 
connect the carboxyl-terminal segment, O-Tryp 16, with the rest of the 
chain. The presence of 2 isoleucine residues in both O-Chy 29 and O-Try; 
16 makes certain their close relationship to one another. O-Chy 3 als 
contains 2 isoleucine residues and, therefore, must overlap O-Chy 29. 

The only two O-Chy peptides still unallocated, O-Chy 30 and O-Chy 4 
account exactly for the 9 remaining amino acid residues in O-Tryp 16 
O-Chy 4 has been assigned the carboxyl-terminal position on the basis 0 
the data of Anfinsen et al. (11), who showed valine to be the carboxyl-ter 
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minal residue in ribonuclease. The same peptide (Asp, Ala,Ser, Val) has 
been isolated by Anfinsen (14) and by Bailey et al. (O-Pep 2 (3)) from pep- 
tic hydrolysates. The fact that serine and valine are the last 2 residues in 
ribonuclease has been established by Niu and Fraenkel-Conrat (15) who 
employed hydrazinolysis. Redfield and Anfinsen (13) have determined 
that the full sequence is Asp.Ala.Ser.Val. The isolation of O-Pep 5 in 
95 per cent yield by Bailey et al. (3) has provided evidence that requires 1 
histidine, 1 valine, and both of the isoleucine residues to be the first 4 resi- 
dues at the amino-terminal end of O-Tryp 16. O-Pep 5 is an isoleucine- 
free peptide of 12 residues which uniquely fits in the carboxyl-terminal 
segment, but contains only 1 of the 2 histidine and 2 of the 4 valine resi- 
dues. 

Allocation of Amide Groups—A tentative placement of amide groups has 
been undertaken by attributing to each peptide in Fig. 4 the number of 
amide groups required by the approximate values in Table I of Hirs et al. 
(2) for the peptides of the trypsin series, and in Table I of this communica- 
tion for the peptides of the chymotrypsin series. An additional amide 
group is included in O-Chy 2, which is presumed to have contained origi- 
nally an amino-terminal glutamine residue that underwent cyclization to 
pyrrolidonecarboxylic acid during the isolation. In spite of the very ap- 
proximate nature of the amide-NH; estimations (cf. (2)), the data from the 
two series of peptides agree, with two exceptions. O-Tryp 9 accounts for 
four amide groups, whereas the O-Chy peptides from this same portion of 
the molecule account for only three of these groups. From the amide 
content of the peptides of the trypsin series that make up O-Chy 14, it 
would be expected to contain two amide groups, whereas analysis revealed 
oly one and three-tenths. These discrepancies emphasize the provisional 
nature of the assignment of amide groups shown in Fig. 4. The allocation 
of only three groups to O-Tryp 9 reduces the total number of amide groups 
assigned to the trypsin series of peptides from eighteen ((2), Table I) to 
seventeen, a value which is in agreement with the number of amide groups 
estimated to be present by analysis of the intact protein (7). 

Conclusions—The validity of some parts of the arrangement shown in 
Fig. 4 can be checked by submitting peptides of the trypsin series to the 
action of chymotrypsin and vice versa. Experiments of this type have 
been completed with two peptides. O-Tryp 4 has been isolated in a salt- 
free form and hydrolyzed with chymotrypsin, and the products have been 
separated chromatographically. Three peptides were obtained, one of 
which was indistinguishable from O-Chy 11. The other two had the ex- 
pected compositions Asp ,Glu, Thr ,Ser;, Met ,His and Cys,Asp, Glu, Metz,- 
lys. Similarly, three peptides were obtained upon chymotryptic hydroly- 
sis of the carboxyl-terminal peptide (O-Tryp 16) which contains 20 resi- 


XUM 








168 STUDIES ON STRUCTURE OF RIBONUCLEASE 


dues. Two products were indistinguishable from O-Chy 4 and O-Chy 30, 
respectively, while the third contained the 11 residues (Glu, Asp, Gly, Ala,- 
Val, Ileus, Pro,Cys,His, Tyr) which would be expected to arise from the 
amino-terminal end of O-Tryp 16. 

It should be emphasized that the formula shown in Fig. 4 is a working 
hypothesis. More support is needed for the assignment of a position to 
some of the individual peptides, since a few of the fragments were obtained 
in only low yield. Nevertheless, the reconstruction shown appears to be 
unique in that it accommodates satisfactorily all of the data that have been 
accumulated thus far; none have been omitted. Final proof for the 
validity of the scheme requires the completion of work now in progress on 
the detailed sequence of the amino acid residues in the isolated peptides, 
Meanwhile, the partial structural formula shown in Fig. 4 permits the selee- 
tion for detailed study of those peptides knowledge of which will reveal the 
most about the structure of ribonuclease. The scheme already shows cer- 
tain features of the structure of the protein, and the results may thus facili- 
tate study of the association of portions of the molecule with its enzymatic 
and physical properties. 


SUMMARY 


Oxidized ribonuclease has been subjected to the action of chymotrypsin 
and the mixture of peptides formed has been fractionated on columns of 
Dowex 50-X2 (150 X 1.8 cm.). Eighteen peptides containing from 3 to 
27 amino acid residues have been obtained in yields ranging from 6 to 80 
per cent, and each has been subjected to quantitative amino acid analysis 
on columns of Dowex 50-X4. These data, combined with similar results 
obtained previously after the action of trypsin and pepsin, have permitted 
the derivation of a partial structural formula for oxidized ribonuclease that 
shows, as a working hypothesis, how all the peptides formed by the action 
of trypsin, chymotrypsin, and pepsin can be arranged to form the original 
chain of 124 amino acid residues. 
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ENZYMATIC FORMATION OF GLYCERYL AND PHOSPHO- 
GLYCERYL METHYLTHIOL ESTERS 


By SIMON BLACK anp NANCY G. WRIGHT 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Department of Health, Education, and Welfare, 
Public Health Service, Bethesda, Maryland) 


(Received for publication, September 26, 1955) 


Methyl mercaptan is a naturally occurring compound known to be formed 
and utilized by living organisms. It can arise in microorganisms (1) and 
in the rat (2) from methionine. It is rapidly oxidized in the rat, and its 
methyl carbon atom is incorporated into a number of compounds in this 
animal (3). In yeast cultures it promotes the accumulation of thiomethyl 
adenosine (4). 

Reported here is a recently found enzymatic process involving MeSH.! 
Incubation of this substance with PGA in a crude yeast extract results in 
the formation of glyceryl methylthiol ester. The latter has been isolated 
from a reaction mixture and crystallized. 

A study of the reactions involved in GMTE formation resulted in the 
separation of two enzyme fractions. One fraction catalyzes the formation 
of phosphoglyceryl methylthiol ester from PGA, MeSH, and ATP, as in- 
dicated in Reaction 1. 


CH;SH + ~-OOC—CHOH—CH,O0PO;" + ATP > 
CH,SOC—CHOH—CH,OPO;" + ADP + P (1) 


The second fraction contains a relatively specific phosphatase which hy- 
drolyzes PGMTE to form GMTE according to Reaction 2 and does not 
act upon most of the other phosphate esters which have been tested. 


CH,SOC—CHOH—CH,0P0;" — CH,;SOC—CHOH—CH:;0H + P (2) 


In crude extracts thiol ester formation occurs with glycerate as the sub- 
strate as well as with PGA. Investigation revealed that a third separable 
enzyme is necessary in this case. This enzyme was found to catalyze PGA 
formation from glycerate according to Reaction 3. The reaction appears 
to be highly specific for glycerate. 


ATP + glycerate - PGA + ADP (3) 





1 The abbreviations used are GMTE (glyceryl methylthiol ester), PGMTE (phos- 
phoglyceryl methylthiol ester), PGA (3-phosphoglyceric acid), MeSH (methyl 
mercaptan), CoA (coenzyme A), P (inorganic orthophosphate), ATP (adenosinetri- 


phosphate), ADP (adenosinediphosphate), and Tris (tris(hydroxymethyl)amino- 
methane). 
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EXPERIMENTAL 


Materials—Hydroxylamine with a low salt concentration was prepared 
according to Beinert et al. (5). The hydroxamic acids of glyceric, lactic, 
glycolic, and pyruvic acids were made by treatment of the corresponding 
ethyl esters with hydroxylamine by the method of Hestrin (6). Phospho- 
glycerohydroxamic acid was prepared enzymatically by incubating PGA, 
ATP, and hydroxylamine with phosphoglycerokinase. 

PGA was obtained as the barium salt of the p isomer from the Nutri- 
tional Biochemicals Corporation, converted to the free acid with Dowex 50 
(hydrogen form), and adjusted to pH 7.0 with KOH. Calcium p1-glye- 
erate, obtained from the Bios Laboratories, Inc., was crystallized twice 
from water and converted to the potassium salt by the method used for 
PGA. MeSH, obtained commercially, was kept as a saturated aqueous 
solution (0.15 m) in contact with its crystalline hydrate at 0°. EtSH was 
similarly kept as a cold saturated aqueous solution. 

CoA, Na ADP, and hexokinase were obtained from the Pabst Labora- 
tories, crystalline Naz ATP, glucose-6-phosphate dehydrogenase, triphos- 
phopyridine nucleotide, adenosine-5-phosphate, and p-nitrophenol phos- 
phate from the Sigma Chemical Company, glucose-6-phosphate, fructose- 
1 ,6-diphosphate, protamine sulfate, and pL-homocysteine from the Nutri- 
tional Biochemicals Corporation, pu-glyceraldehyde and the dioxane com- 
plex of glyceraldehyde-3-phosphate from the Concord Laboratories, sodium 
glycerophosphate, containing about 25 per cent of the a isomer, and mer- 
captoethanol from the Eastman Kodak Company, and ribose-5-phosphate 
from the Schwarz Laboratories, Inc. 

Phosphoglycerokinase was purified from yeast extract by a modification 
of the Biicher method (7). Pyruvate kinase and lactic dehydrogenase were 
generously supplied by Dr. J. Hurwitz. 

Identification and Determination of Enzyme Reaction Products—The iden- 
tity of PGMTE and GMTE rests largely on the isolation and characteri- 
zation of the latter, described below, and the demonstrable enzymatic 
steps in its formation. In order to distinguish and identify these two 
compounds in small scale enzyme tests, they were converted to the cor- 
responding hydroxamic acids, which were chromatographed on paper. 1 
mmole of hydroxylamine was added per ml. to the enzyme reaction mix- 
tures following incubation. After 20 minutes at room temperature 4 ml. 
of ethanol were added, the precipitate was removed by centrifugation, and 
the supernatant solution evaporated in vacuo to about 0.2 ml. 0.003 ml. 
of the derivative of GMTE was chromatographed on paper with water- 
saturated butanol according to Stadtman and Barker (8). The PGMTE 
derivative was diluted with water, passed through a column of Dowex 50 
(hydrogen form), lyophilized, and chromatographed as the free acid with 
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water-saturated butanol. Both glycerohydroxamic acid and phospho- 
glycerohydroxamic acid spots were located with FeCl; (8). The former 
was also located by use of periodate (9), which detects glycols, and the 
latter by a phosphate reagent (10). 

The Ry values for glycerohydroxamic acid and phosphoglycerohydrox- 
amic acid were 0.16 and 0.05, respectively. The Rr values of compounds 
related to the glyceric acid derivative were 0.41 for lactohydroxamic acid, 
0.23 for glycolohydroxamic acid, and 0.65 for pyruvohydroxamic acid. The 
values for the corresponding fatty acid derivatives are all 0.5 or larger (8). 

GMTE and PGMTE were determined quantitatively by the hydroxamic 
acid method (11). The molar extinction coefficient of phosphoglycerohy- 
droxamic acid was found as described below for the determination of PGA, 
and the corresponding value for glycerohydroxamic acid was determined 
to be 990 by using crystalline GMTE asa standard. ATP was determined 
by the method of Kornberg (12), ADP by the method of Kornberg and 
Pricer (13), and P by the method of Fiske and Subbarow (14). 

PGA was identified and determined by incubation in the highly specific, 
purified PGA kinase system (7) with 0.5 m hydroxylamine, and the re- 
sulting phosphoglycerohydroxamic acid was determined by the method of 
Lipmann and Tuttle (11). The molar extinction of this compound in the 
Lipmann-Tuttle reagent at 540 mu was estimated to be 775 on the assump- 
tion that 1 equivalent of P was released for each equivalent of hydroxamic 
acid. With as little as 0.5 umole of PGA per sample, over 90 per cent con- 
version to hydroxamic acid was achieved in a 2 hour incubation in the pres- 
ence of a relatively large amount of the enzyme. Identification of PGA 
was confirmed by a chromatographic method (10). 

Preparation of Phosphoglyceryl Methylthiol Ester Synthetase—Yeast ex- 
tract was prepared as described previously (15), except that the extraction 
time was reduced from 2 daysto 16 hours. 0.1 volume of 1 m KH,PO, was 
added to the extract, bringing the pH to 6.5. It was then heated to 63° in 
a boiling water bath and held at this temperature for 10 minutes. After 
rapid cooling and removal of the inactive precipitate by centrifugation, 
the solution, now at 0°, was adjusted to pH 4.5 with 2 m acetic acid. Suffi- 
cient solid (NH4)2SO, was added to make its concentration 70 per cent of 
saturation, and, after stirring 30 minutes in the cold, the precipitated en- 
zyme was centrifuged. The precipitate was dissolved in a minimal volume 
of cold water and dialyzed for 6 hours against cold 0.01 m KHCO;-HC]l 
buffer, pH about 6.5. 

The yield of enzyme was 70 to 80 per cent, purified 15-fold. This prep- 
aration is free of the two other enzymes described here. Estimation of the 
enzyme activity is made from the rate of thiol ester synthesis under the 
conditions described below. 
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Preparation of Phosphoglyceryl Methylthiol Ester Phosphatase—To obtain 
an active extract, frozen bakers’ yeast (Anheuser-Busch), prepared as pre- 
viously described (15), was warmed to 0-3° and stirred slowly, without any 
addition, for 16 hours at this temperature. It was then centrifuged at 
15,000 X g in the cold for 20 minutes. The packed cells were discarded, 
and the cold extract was brought to pH 4.5 by careful addition of 2 m formic 
acid. The precipitated enzyme, after centrifuging, was suspended by stir- 
ring in cold 0.1 m sodium acetate buffer, pH 4.5, double the volume of the 
original extract. After centrifuging again, the precipitate was suspended 
in cold water to 0.7 of the extract volume, and the pH was adjusted to 6.5 
to 7.0 with 2 m Tris base. 0.2 volume of 2 per cent protamine sulfate was 
then added, and the suspension was centrifuged at 12,000 X g. The super- 
natant solution, still slightly turbid, was mixed with an equal volume of 
saturated (NH,)2SO, (0°), and the saturation of the resulting solution was 
brought to 65 per cent by further addition of solid (NH4)2SO,. After stir- 
ring for 30 minutes, the precipitate was removed by centrifugation and the 
enzyme was precipitated by addition of sufficient (NH,)2SO, to bring the 
solution to 90 per cent of saturation. After 30 minutes the enzyme was 
centrifuged and dissolved in cold water to about 0.1 of the extract volume. 

About 30 per cent of the enzyme activity was recovered, purified 10-fold. 
Its activity was determined from the increased P liberated in the presence 
of PGMTE synthetase. The preparation is quite free of non-specific phos- 
phatase activity. It has been stored at —15° for several months with little 
loss of activity. 

Preparation of Glycerate Kinase—Yeast extract was prepared as described 
above for PGMTE synthetase. Addition of 0.1 volume of 2 m formic acid 
to the cold extract, with stirring, brought the pH to about 4.0. The inae- 
tive precipitate was removed by centrifugation. The enzyme was then 
precipitated at 0° by slow addition, with vigorous stirring, of 0.06 volume 
of 6 N H.SO,, which lowered the pH to2.6. The precipitate, after centrif- 
ugation, was suspended in cold water to a volume equal to one-third of the 
original extract, and the pH was adjusted to about 7.0 with 2.0 m Tris base. 
The suspension was stirred vigorously for 15 minutes and then centrifuged 
to remove inactive, insoluble material. The preparation may be dialyzed 
against cold, neutral buffer solutions and has been stored for several months 
at —15°. The yield of 6-fold purified enzyme is about 50 per cent. 

This enzyme may be assayed by measuring ADP formation according to 
Reaction 3. A convenient assay in crude extracts, which contain a high 
PGA kinase activity, is to measure phosphoglycerohydroxamic acid forma- 
tion by the combined action of the two enzymes on ATP, glycerate, and 
hydroxylamine. 

Preparation and Properties of Glyceryl Methylthiol Ester—An extract of 
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bakers’ yeast was prepared as described above for use in purifying PG@MTE 
phosphatase. 0.25 volume of 2 per cent protamine sulfate was added to the 
cold extract with stirring, and the resulting precipitate was removed by 
centrifugation at 12,000 x g at 0°. The opalescent supernatant fluid was 
then dialyzed 4 to 5 hours against 200 volumes of 0.01 m KHCO,-HCl 
buffer, pH 6.5 to 7.0. 

A 500 ml. reaction mixture for the preparation of GMTE contained 100 
ml. of the dialyzed preparation, 25 mmoles of PGA, 6 mmoles of MeSH, 
and 5.0 mmoles of MgCl». The pH was 7.0. ATP was generated by the 
action of glycolytic enzymes on a portion of the PGA and a trace of adenine 
nucleotide in the extract. The mixture, in a tightly stoppered 1 liter Erlen- 
meyer flask, was incubated for 2 hours at 30°. 100 ml. of 10 per cent meta- 
phosphoric acid were then added, and, after removal of protein by centrifu- 
gation, the solution was brought to pH 7.0 by careful addition of 5 n NaOH. 

The neutral solution was lyophilized and the dried residue dissolved and 
made up to a volume of 50 ml. with water. A small amount of insoluble 
material was removed by centrifugation. The preparation was then ex- 
tracted continuously with ether for 12 hours with about 500 ml. of ether in 
the boiling flask. The clear ether solution was poured into a clean container 
to separate it from some insoluble substances, and the solvent was then re- 
moved by gentle boiling. When the residue was dried in vacuo over POs, 
GMTE crystallized as long needles on the walls of the flask. The crystals 
were dissolved in a small volume of dry ether and recrystallized by addition 
of petroleum ether. Some impurities usually contaminate the first precipi- 
tateof GMTE. If the supernatant solution is placed at — 15°, large crys- 
tals slowly form. They may be dried in vacuo at room temperature. The 
yield was about 250 mg., m.p. 51°. 


[a]? + 85.3° (4 per cent in H.0) 
C,H;0;8.2_ Calculated, C 35.3, H 5.9, S 23.5; found, C 35.6, H 6.3, S 23.6 


In common with other thiol esters (16-18), GMTE has an intense ultra- 
violet light absorption maximum at 236 my (Fig. 1) which is destroyed by 
NasCO;, HgCls, or NH2OH. Loss of absorption with Na2CO; or NH.OH 
is associated with the appearance of free thiol, detectable with nitroprus- 
side (19), and destruction by HgClz is associated with precipitation of a 
mercaptide. The derivative formed with NH.OH was identified chromat- 
ographically as glycerohydroxamic acid. 


Results 


Enzymatic Formation of Phosphoglyceryl Methylthiol Ester—Evidence for 
PGMTE synthesis according to Reaction 1 is presented in Table I. On 


* Microanalyses were performed under the direction of Dr. W. C. Alford. 
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incubation of the complete enzyme system, P and PGMTE form in equiva- 
lent amounts, and the appearance of both is dependent upon MeSH, ATP, 
PGA, Mg**, and enzyme. The rate of formation of P and PGMTE is re- 
lated to the enzyme concentration (Table IT) and to incubation time (Table 
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Fig. 1. Ultraviolet light absorption by GMTE. Measurements were made with 
a Beckman model DU spectrophotometer by using a quartz cell with a 1.0 cm. light 
path. The concentration of all of the indicated substances was 2 X 10~ m in water. 
Readings were made against a water blank. 


TaBLeE I 
Enzymatic Formation of Phosphoglyceryl Methylthiol Ester and 
Associated Liberation of P 
The complete system contained, in 1.0 ml., 100 wzmoles of imidazole chloride buffer, 
10 zmoles of MgCle, 12 umoles of Na ATP, 8 umoles of PGA, 12 umoles of MeSH, and 
2.8 mg. of enzyme. The pH was 7.0, the incubation time 30 minutes, and the tem- 
perature 30°. 








¥ PGMTE 
pmoles per ml. pmoles per ml. 
ION INE os sales hsleia s vie vais ewes oe 1.6 1.4 
ret RS ig | cco 5s antlein wid ea Oh 0.3 0.1 
yj , Selvesdiraagalebia” 4 ERR SE SRS <2 Ee Samet one 0.0 0.0 
MN At Og hye sb ns 0.0 0.0 
eS Sis Sava vip ioe Spin SreSee bs tate ps 0.1 0.1 
EI OL Pe ee 0.1 0.1 











III). Side reactions prevent the stoichiometric accumulation of ADP, 
which was found in amounts ranging from 60 to 80 per cent of the P and 
PGMTE values. 

With ethyl mercaptan or mercaptoethanol the rate of Reaction 1 is re- 
duced to 40 and 20 per cent, respectively, of the rate with MeSH. Cys- 
teine, homocysteine, glutathione, H,S, and coenzyme A are inactive as 
substitutes for MeSH. 
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The reverse reaction has not yet been studied. The forward reaction is 
strongly inhibited by 0.1 m phosphate, arsenate, or hydroxylamine. 

Enzymatic Dephosphorylation of Phosphoglyceryl Methylthiol Ester—On 
addition of PGMTE phosphatase to the PGMTE synthetase system, the 
phosphate ester in the PGMTE which is formed is immediately hydrolyzed. 
The P-thiol ester ratio in the reaction mixture after incubation is thus 


TaBLeE II 
Relation of PGMTE Synthesis and P Liberation to Enzyme Concentration 
The conditions of the test were identical with those in Table I, except for the 
amount of enzyme used and the PGA concentration, which was 40 umoles per ml. 


Each value represents the difference between the complete system and a control with- 
out MeSH. 





Enzyme solution P PGMTE 














$$ $5 on — | _ -_ —EE 
ml. umoles per ml. pmoles per ml. 
0.03 1.5 | 1.3 
0.06 2.6 | 2.4 
0.10 3.6 3.4 
| 
TaBLe III 


Formation of Thiol Esters and P by PGMTE Synthetase Alone and 
with PGMTE Phosphatase 
The conditions of this test were identical with those of Table I, except for the in- 
cubation time, the addition of enzymes as shown, and the PGA concentration, which 
was 40 zmoles per ml. 0.9 mg. of the phosphatase and 2.8 mg. of the synthetase were 
added per ml. Each value represents the difference between the complete system 
and a control without MeSH. All the values are micromoles per ml. 





Synthetase Synthetase plus phosphatase Phosphatase 
Incubation time | ——@ —@# —_—_________ |___ eeennpinennetal as a 
P |. PGMTE P | GMTE P | Thiol ester 
min. | 
10 0.9 0.9 i 0.8 
20 1.6 ee 3.6 ee 
30 2.2 2.2 4.9 2.4 0.0 0.0 


changed from 1 to 2, as shown by Reaction 4, which is the sum of Reactions 
land 2. In the second and third columns of Table III are 1:1 results 


PGA + MeSH + ATP — GMTE + ADP + 2P (4) 


with synthetase alone, and in the fourth and fifth columns, with both en- 
zymes a P-thiol ester ratio of about 2:1. PGMTE phosphatase without 
the synthetase produces no significant amount of P or thiol ester (sixth 
and seventh columns, Table III). The thiol ester product of Reaction 1 
has been identified as PGMTE and of Reaction 4 as GMTE. 
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The results in Table 1V suggest that this phosphatase is quite specific 
for PGMTE. Of the phosphate esters tested, only phosphoglyceraldehyde 
and glycerophosphate were hydrolyzed to an appreciable extent by the en- 


TaBLe IV 
Specificity of PGMTE Phosphatase 
Each tube contained, per ml., 100 wmoles of imidazole chloride buffer, 10 umoles 
of MgCle, 5 umoles of the indicated substrate (other than PGMTE), and 12 ymoles 
of MeSH to simulate the conditions of the PGMTE test. The pH was 7.0 and the 
incubation time 30 minutes. The PGMTE value was taken as one-half of the net P 
liberated in a test identical with that of the fourth and fifth columns of Table ITI, 








Substrate P liberated 
pmoles per ml 
SEE Orrre Perron 3.2 
Glyceraldehyde-3-phosphate............. i? 
Glycerol phosphate...................44. 1.9 


Ribose-5-phosphate. .................+4. 0.2 
Fructose-1,6-diphosphate............... 0.0 
Glucose-6-phosphate.................065 0.0 
Gluconate-6-phosphate.................. 0.0 
Glyceric acid-3-phosphate (PGA)........ 0.0 
p-Nitrophenol phosphate................ 0.0 
Adenosine-5-phosphate.................. 0.0 








* A non-enzymatic control was run with this compound. 


TABLE V 
Enzymatic Phosphorylation of Glycerate by ATP 
The complete system contained, in 1.0 ml., 100 wmoles of imidazole chloride buf- 
fer, 10 uzmoles of MgCl, 26.4 zmoles of Na ATP, 20 umoles of K pu-glycerate, and 1.6 
mg. of enzyme. The pH was 7.0, the temperature 30°, and the incubation time 30 
minutes. 





Experiment ATP ADP PGA 





pmoles per ml. | ywmoles per ml. pmoles per ml. 
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zyme preparation under the conditions of the test. The rates at which 
these two compounds were attacked were greatly reduced when their con- 
centration was lowered to 1 umole per ml. from the 5 wmoles per ml. con- 
centration used in the test reported in Table IV. PGMTE, however, was 
generated in the reaction mixture, and its concentration was probably never 
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as great as 0.1 umole per ml. The affinity of the enzyme for PGMTE must 
therefore be relatively high. 

Enzymatic Phosphorylation of Glycerate—The phosphorylation of glyc- 
erate, according to Reaction 3, is confirmed by the results in Table V. In 
the complete system ATP utilization is approximately equivalent to the 
amounts of ADP and PGA formed. Appearance of the products is de- 
pendent upon the presence of ATP, glycerate, Mgt+, and enzyme. ATP 
disappearance is similarly dependent upon other constituents of the system. 
This enzyme appears to be specific for glycerate, as no increase in ADP 
formation over the blank value could be detected when glycerol, gluconate, 


glycolate, pi-lactate, pi-glyceraldehyde, or GMTE was substituted for 
glycerate in the reaction. 


DISCUSSION 


The relevance of the reactions reported here to known biochemical proc- 
esses is obscure. Pertinent information includes the fact that methyl 
mercaptan has been shown to be formed from methionine in several species 
(1, 2) and is thus known to be available for biochemical reactions. Schlenk 
and Tillotson have found that methyl mercaptan causes an accumulation 
of thiomethyl adenosine in yeast cultures (4). It seems possible that fur- 
ther study of the methylthiol esters reported here may link them with thio- 
methyl adenosine and methionine. 

The relative specificity and high affinity of the phosphatase described 
here for PGMTE suggest that the hydrolytic reaction is not adventitious 
but may be a prerequisite for the metabolic use of the thiol ester. 

A possible purpose for the phosphorylation of glycerate may be related 
to the utilization of GMTE. If the latter compound should prove to be a 
donor of the CH;S— group, the glycerate portion of this molecule would 
become available for reconversion to PGA. A known enzymatic formation 
of p-glycerate occurs in the hydroxypyruvate-reducing system reported by 
Stafford et al. (20). 

Reaction 1 appears, at least superficially, to be analogous to the enzy- 
matic syntheses of thiol esters of CoA (21-23). No attempts to elucidate 
its mechanism have yet been made. 


SUMMARY 


1. An enzyme has been prepared from yeast which catalyzes the forma- 
tion of phosphoglyceryl methylthiol ester, ADP, and P from PGA, MeSH, 
and ATP. Other known naturally occurring thiols such as cysteine, glu- 
tathione, and CoA are inactive as substitutes for MeSH in the reaction. 
EtSH and mercaptoethanol react in the system at 40 per cent and 20 per 
cent, respectively, of the rate found with MeSH. 

2. A phosphatase has been prepared from yeast which appears to be rela- 
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tively specific for phosphoglyceryl methylthiol ester. It forms P and glyc- 
eryl methylthiol ester from this substrate. 

3. Glyceryl methylthiol ester has been prepared enzymatically in 200 to 
300 mg. quantities and crystallized, and its properties described. 

4. A glycerate kinase has been isolated from yeast which catalyzes the 
formation of PGA and ADP from glycerate and ATP. This enzyme is 
highly specific for glycerate and causes no detectable reaction with other 
hydroxy acids or with glycerol. 
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TERPENOID INTERMEDIATES IN THE 
BIOSYNTHESIS OF CHOLESTEROL* 


By FRANK DITURI,} FLORAPEARL A. COBEY,} JESSIE V. B. WARMS, 
AND SAMUEL GURIN 


(From the Department of Biochemistry, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, November 10, 1955) 


Previous reports from this laboratory (1, 2) have described a particle- 
free extract of rat liver which is capable of incorporating C'*-labeled acetate 
and 8-hydroxy-6-methylglutaric acid (HMG)! into cholesterol. With this 
enzyme system, it has been possible to demonstrate that acetate and HMG 
can be incorporated into squalene, and that biosynthetic C'-labeled squal- 
ene is incorporated into cholesterol. Supernatant fluid obtained following 
homogenization in phosphate buffer has been found to be capable of in- 
corporating labeled HMG into squalene and farnesenic acid.? 


Methods 
Preparation of Farnesenic Acid 


Farnesenic acid was prepared by the oxidation of farnesol (4) or nerolidol 
(5). Oxidation of either of these alcohols with dilute chromic acid yields 
farnesal. The aldehyde can be purified through the formation of the bi- 
sulfite addition product or directly oxidized to the acid. Since no better 
yield was obtained when the bisulfite compound was prepared, this step 
was omitted. The crude aldehyde was oxidized with alkaline silver oxide 
(6), and the resulting acid was extracted with ether after acidification. 
The ether solution was extracted with 1 per cent bicarbonate solution 
which was discarded. After extraction with 2 per cent KOH, the aqueous 
phase was acidified and the acid was reextracted with ether. After removal 
of the ether, the resulting material was chromatographed by reverse phase 
chromatography (described below). Elution of the acid was followed by 
titration of aliquots of each fraction. The first acidic peak, consisting of 
a mixture of more polar acids, was discarded. The fractions of the second, 
larger peak were combined and the solvent was distilled off under vacuum. 


* Supported in part by grants from the National Heart Institute of the National 
Institutes of Health and the American Cancer Society. 

+ Scholar in Cancer Research of the American Cancer Society. 

t Research Fellow of the Public Health Service. 

' Abbreviations used in this paper are HMG = £6-hydroxy-8-methylglutaric acid, 
AMP = adenosine monophosphate, DPN = diphosphopyridine nucleotide. 

* Some of the evidence has been presented in a preliminary communication (3). 
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The resulting colorless oil gave a single peak on repeated chromatography 
and readily formed a crystalline salt with benzylpseudothiuronium chlo- 
ride (7). The salt was crystallized from methanol-water and melted 
sharply at 122.5-123°. Total nitrogen analysis, found 7.04 per cent, 
calculated 7.08 per cent. 

Methyl-labeled $-hydroxy-8-methylglutaric acid was prepared from 
methyl C"-acetate by the method described previously (2).‘ 


Preparation of Enzyme Systems 


The particle-free enzyme system was prepared as described previously 
(1). 

The supernatant fluid was obtained after homogenization in phosphate 
buffer followed by centrifugation in a Spinco ultracentrifuge at 100,000 x 
g for 30 minutes. The clear supernatant solution was immediately lyo- 
philized and the resulting powder was stored in a desiccator at —20°. 
Powders prepared and stored in this fashion were stable for a period of 6 
weeks. Just prior to incubation, the powder was dissolved in ion-free 
water. 

All incubations were carried on for 3 hours at 34° in an atmosphere of 
95 per cent O.-5 per cent CO. The substrates used were 1-C"*-acetate 
and methyl-C“-HMG. 


Recovery of Squalene and Other Carrier Substances 


Squalene and other lipide-soluble materials were added to the incuba- 
tion mixtures as emulsions in 2 per cent gelatin solution. These were pre- 
pared by addition of the gelatin solution to the compound followed by 
treatment in a high speed blender for 5 minutes. The emulsions were 
added to the incubation mixture after thermal equilibration of the flasks 
had occurred. 

At the end of the incubation period, additional carrier compound or 
compounds and 10 volumes of 10 per cent KOH in 95 per cent ethanol 
were added to the flasks. The ethanol was evaporated on a boiling water 
bath under a nitrogen stream (duration of heating was approximately 30 
minutes). The residual solution was acidified with dilute hydrochloric 
acid and extracted several times with ether. When compared with a 3 
hour saponification, there was no significant difference in the recovery of 
carrier compounds or the specific activity of recovered labeled compounds. 

The combined ether solutions were extracted twice with 2 per cent KOH 


3 The authors express their appreciation to Dr. Harry Vars for the Kjeldahl deter- 
minations. 

4 The authors express their appreciation to Dr. Joseph Rabinowitz, Radioisotope 
Division, Veterans Administration Hospital, Philadelphia, Pennsylvania, for the 
preparation of the labeled HMG. 
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and the ether was evaporated to dryness. The residue was dissolved in 
petroleum ether and chromatographed on alumina grade II.5 From the 
petroleum ether eluates, squalene was obtained (9). Both farnesol and 
cholesterol could be obtained by eluting with 20 per cent ether in petroleum 
ether. Since one or the other, but not both, was sought in a given experi- 
ment, there was no interest in trying to separate a mixture. Cholesterol 
was further purified by preparation of the digitonide (10). Farnesol was 
chromatographed in the reverse phase system to be described below. 

For recovery of farnesenic acid, the KOH extracts of the ether solution 
were acidified and extracted again with ether. After shaking with HMG 
solution and water, the ether was evaporated and the residue was chro- 
matographed on the reverse phase column. 


Chromatography of Farnesol and Farnesenic Acid 


The reverse phase system described by Howard and Martin (11) for the 
separation of long chain fatty acids was found to be quite useful for the 
purification of these compounds. 6.7 gm. of Hyflo Super-Cel, prepared as 
described (11), were triturated with 6 ml. of hexane saturated with 80 per 
cent methanol. The mixture is put on a column 12 mm. in diameter and 
tightly packed under air pressure. The compound is introduced on the 
column and eluted with 80 per cent methanol saturated with hexane at the 
rate of 1 ml. every 2 or 3 minutes. After the column volume passed 
through, fractions were collected in tared planchets and counted. A typi- 
cal curve for weight and activity is illustrated in Fig. 1. 

On such a column, these compounds would consistently appear within 
one or two fractions on repeated chromatography. 


Determination of Radioactivity 


Compounds to be counted were dissolved in a suitable solvent and evapo- 
rated in stainless steel planchets under an infra-red lamp. The planchets 
were then dried in a vacuum desiccator; approximately 3 to 5 mg. of residue 
were usually obtained. The plates were counted in a gas flow windowless 


counter to 5 per cent error. All activities were corrected to infinite thin- 
ness. 


Results 


Following the incubation of the particle-free system with labeled acetate, 
radioactivity can be found in recovered cholesterol. If carrier squalene 
is added at the end of the incubation and subsequently recovered, there is 
variable activity in the squalene. However, the addition of the squalene 


5 Alumina, Woelm, neutral, grade I was converted to grade II by the addition of 
water (8). 
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emulsion at the beginning of the incubation results in a marked depression 
of the activity in cholesterol, and the recovered squalene has higher activity 
(Table I). Radioactive squalene obtained from several incubations and 
subsequently purified on alumina as described above was pooled and the 
mixed hexahydrochlorides were prepared (9). There was no change in the 
specific activity of the squalene on recrystallization of the derivative. 
Biosynthetic squalene of high specific activity, which was prepared from 
labeled acetate as described above, was chromatographed on alumina and 
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Fic. 1. Partition of radioactive farnesenic acid between 80 per cent methanol 
and hexane. The sample shown here was obtained from decomposition of benzyl- 
pseudothiuronium salt (see Table V). For the details of chromatography see the 
text. 


subsequently incubated with the particle-free enzyme system (Table II). 
Carrier cholesterol, recovered as the digitonide, was found to contain sig- 
nificant activity. 

It has been reported previously from this laboratory that the addition 
of citrate increases the incorporation of labeled acetate into fatty acids 
(12, 13). The effect of citrate upon the incorporation of labeled acetate 
into squalene was similar but not as marked (Table I). When HMG was 
used as a substrate, the addition of citrate appeared to inhibit or not affect 
the incorporation into squalene. The experiment reported in Table III 
is one of several showing the same drop in incorporation. 
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Comparison of the supernatant fluid with the particle-free extract (Table 
III) indicated that HMG was more efficiently incorporated into squalene 


TABLE I 
Incorporation of C'4-Acetate into Squalene and Cholesterol by Particle-Free 
Extracts of Liver 
Each flask contained 7 ml. of particle-free extract and 1 mg. each of AMP, DPN, 
and sodium 1-C"*-acetate (3 X 105 c.p.m. per mg. of C). Where stated, potassium 
citrate in a final concentration of 0.01 m and 7.5 mg. of squalene in 0.5 ml. of emul- 
sion were added. Incubated for 3 hours at 34°. Atmosphere = 95 per cent O2-5 


per cent CO. After incubation, 1 mg. of cholesterol and squalene to make a total 
of 15 mg. were added to each flask. 























Additions Radioactivity of recovered carriers 
Seginest Squalene Cholesterol 
: Citrate Squalene 
Total Substrate Total Substrate 
activity incorporated activity incorporated 
c.p.m. | umole c.p.m. pmole 
1 | - - | @ 0.0008 80 0.0022 
| + - | 8 | 0.0023 132 | 0.0037 
. to we 41 we oT US 0.0011 320 | 0.0089 
. + - 86 0.0024 | 590 | 0.0164 
3 + _ 300 | 0.0080 | 315 | 0.0100 
| + | + 640 | 0.0180 | 29 | 0.0008 
4 + - 63 | 0.0018 635 0.0176 
| + | + 405 0.0110 | 266 | 0.0074 
TABLE II 


Incorporation of Biosynthetic C'*-Squalene into Cholesterol by Particle-Free Extracts 
of Rat Liver 
The flask contents were the same as those in Table I, with the exception that all 
flasks contained potassium citrate in a final concentration of 0.01 m and 2 mg. of 
C.squalene in 0.5 ml. of emulsion. Conditions of incubation asin Table I. After 
incubation 1 mg. of cholesterol was added to each flask. 








Radioactivity of recovered cholesterol 
Experiment No. 








Total activity Substrate incorporated 
i: ate agitas, ee. ST le c.p.m. umole 
1, Squalene, 3500 c.p.m. per umole........ | 110 0.034 
9 “cc ai cc cc 


2. 860 see 32 0.037 











by the former system. However, incorporation of HMG into cholesterol 
by this system is variable and is usually too low to be significant. Only 
supernatant fluid prepared from a phosphate buffer homogenate was active. 
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When supernatant fluid is prepared from a sucrose homogenate (0.25 m), was 


























the addition of the particulate fraction is necessary for activity. Gera 
When lyophilized supernatant fluid with labeled HMG as a substrate abov 
potas 
TaBLeE III acid) 
Incorporation of Methyl-C'*-HMG into Squalene by Enzyme Systems from Rat Liver squal 
Each flask contained 3 ml. of enzyme system, 5 mg. of potassium HMG (450,000 Th 
c.p.m. per mg. of C), and 0.3 mg. each of AMP and DPN. Where indicated, potas- mixtt 
sium citrate in a final concentration of 0.01 M was added. Each flask received 2 The 1 

mg. of squalene in 0.2 ml. of emulsion. Conditions of incubation asin Table I. At 
the end of the incubation, an additional 3 mg. of squalene were added to each flask. and « 
Radioactivity of recovered squalene ce ~ 

Enzyme system Citrate 
- ‘ Specific activity | Total activity Paces sd Table 
c.p.m. per mg. c.p.m. pumole 
Particle-free extract + 41 205 0.0063 

Supernatant fluid + 132 660 0.0206 — 
Supernatant fluid + 101 505 0.0160 ie 
“ “ - 170 860 0.0269 nen 
Benzy 
116° 
TaBLe IV Reery: 
Effect of Terpenoid Compounds on Incorporation of Methyl-C'4-HMG into Squalene — 


by Supernatant Fluid from Rat Liver 

The flask contents were the same as those in Table III except that each flask re- +O 
ceived 1 mg. of squalene in 0.1 ml. of emulsion. Specific activity of HMG = 176,000 
c.p.m. per mg. of C. The terpenoid compounds were added prior to incubation as 




















indicated. The alcohols were added in 0.1 ml. of gelatin emulsion and the acids in of the 
0.1 ml. of a solution of the potassium salt. Conditions of incubation as in Table I. The ¢ 
At the end of the incubation, 4 mg. of squalene were added to each flask. graph 
Radioactivity of recovered squalene l that 
Additions (1 mg. each) withi1 
Specific activity Total activity Substrate incorporated 
c.p.m. per mg. c.p.m. pmole 
I oo Such swansea 107 535 0.042 Alt! 
Ae eer 14 70 0.005 direct 
AE ee ame 81 405 0.032 
CS er 94 470 0.038 —— 
here, | 
re Pie 2g Ai 117 585 0.046 therm 
Geranic acid............... 83 415 0.033 oxyge 
C 1 102 510 0.040 Sar 
0 ES eer z 
car’ 
Farnesenic acid............. 6 30 0.002 “9 
€ 
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M), was employed, the réle of various terpenoid compounds was studied. 
Geraniol, linalool, and farnesol were added as gelatin emulsions as described 
ate above. Geranic acid and farnesenic acid were added as solutions of the 
potassium salts. The 10-carbon compounds (geraniol, linalool, geranic 
acid) were without significant effect on the incorporation of HMG into 
iver squalene (Table IV). 

,000 The addition, however, of farnesol or farnesenic acid to the incubation 
mixture markedly reduced the incorporation of substrate into squalene. 
pe The recovered farnesol was chromatographed on the reverse phase column 
ask. | and contained no significant activity. 

—_ The recovered farnesenic acid was found to be radioactive. The acid 
collected from several incubations was pooled and treated as shown in 














, Table V. It was found that repeated chromatography and preparations 

ed 

ed TABLE V 

| Purification of C'4-Farnesenic Acid Recovered from Incubation Mixtures 

Procedure Specific activity, c.p.m. per mg. acid 

) 

) CE EUNONIDE S552) 2c5e ede ord «Alb deaeaueeids 120 

-. Benzylpseudothiuronium salt, m.p. 114- 

GROSSES Sh RR Crates Bot Sere era 135* 

Recrystallize, m.p. 122-1238°.............. 158* 

ohetia Decompose salt, recover acid............. 152 
Rechromatograph acid (see Fig.1)...... 148 

ik re- * Corrected for weight of free acid. 

6,000 

on as 


ds in | o% the analytically pure derivative resulted in no loss of specific activity. 
ble I, | The derivative was decomposed and the recovered acid was chromato- 
graphed with no diminution of specific activity. It can be seen from Fig. 
1 that the total weight and total activity of the serial fractions corresponded 
within the limits of experimental error. 





ated 





DISCUSSION 


Although there is some question concerning the réle of squalene as a 
direct intermediate in the biosynthesis of cholesterol (14), the evidence 
presented by Langdon and Bloch (9, 15), as well as the experiments reported 
here, leaves little doubt that squalene is formed by liver enzymes and, fur- 
thermore, that it is readily converted into cholesterol. Although an 
oxygen-containing squalene (or squalenes) may be on the direct pathway, 
there is sufficient ground for the belief that a compound with the squalene 
carbon skeleton is involved in the biosynthesis of cholesterol. 
= The conversion of radioactive squalene to “cholesterol”? has now been 
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demonstrated in an aqueous enzyme system. It should be noted that 
the method employed for the isolation of cholesterol does not rule out the 
possibility that part of the activity might have been due to lanosterol (16) 
or related compounds. 

The incorporation of HMG into farnesenic acid demonstrates for the 
first time the possible involvement of a biologically active 15-carbon inter- 
mediate which might arise from the condensation of 3 isoprenoid units to 
yield a farnesyl type of structure. Again, as in the case of squalene, it is 
uncertain whether farnesenic acid is on the direct pathway or is in equilib- 
rium with some direct intermediate. While the radioactivity of farnesenic 
acid can best be demonstrated by the prior addition of carrier, addition 
of the substance at the end of the incubation yields farnesenic acid with 
low but significant activity. 

The inability of geraniol and geranic acid to reduce the incorporation 
of substrate into squalene suggests that the first condensation product of 
the 5- or 6-carbon precursor is not related to the geranyl group of com- 
pounds (17). 

The failure to recover radioactive farnesol suggests either that it is not 
formed metabolically or that there is inadequate mixing of the carrier with 
the labeled material. This problem needs further investigation. 


SUMMARY 


A particle-free enzyme system prepared from rat liver is capable of in- 
corporating C'-acetate into squalene. The same system can convert 
squalene into cholesterol or closely related sterols. 

When labeled 6-hydroxy-8-methylglutarate is employed as a substrate, 
the supernatant fluid alone is capable of incorporating the substrate into 
squalene. By employing this system, it has been demonstrated that the 
addition of non-labeled farnesol or farnesenic acid can reduce the incorpora- 
tion of substrate into squalene. The recovered farnesenic acid was shown 
to contain significant radioactivity. 
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LACTIC DEHYDROGENASE 


II. VARIATION OF KINETIC AND EQUILIBRIUM CONSTANTS 
WITH TEMPERATURE* 


By MAIRE T. HAKALA,t ANDREW J. GLAID,}t anp GEORGE W. SCHWERT 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, July 28, 1955) 


Some time ago a study of the lactic dehydrogenase system was under- 
taken in this laboratory with the end in view that complete information 
about the kinetics of this system would be of value in establishing a mech- 
anism of reaction for the simple dehydrogenases. In a preliminary report 
(1), the kinetic behavior of this system was interpreted in terms of a model, 
proposed by Laidler and Socquet (2), in which substrate and coenzyme 
are bound independently on the enzyme surface. The present, more pre- 
cise data indicate that the system is better described by a model in which 
interaction of substrates on the enzyme surface is postulated. 

Recently, Alberty (3) has extended the relation between the kinetic 
constants for an enzyme-catalyzed reaction and the equilibrium constant 
for the reaction to a variety of previously unconsidered reaction mecha- 
nisms. The present results have been tested by the relations found by 
Alberty (3) and, although the present data do not allow a choice to be 
made among several possible mechanisms, it can be concluded that the 
mechanism proposed by Theorell and Chance (4) for the alcohol dehy- 
drogenase system is not applicable to lactic dehydrogenase. 


EXPERIMENTAL 


Lactic Dehydrogenase—Most of the determinations were made with crys- 
talline lactic dehydrogenase prepared by the method of Straub (5). The 


* This investigation was supported by research grant No. G-2941 from the Na- 
tional Institutes of Health, Public Health Service. A part of the kinetic results was 
presented before the Thirty-seventh annual meeting of the Federation of American 
Societies for Experimental Biology at Chicago, April 6-10, 1953, and the present 
results were summarized at the 128th meeting of the American Chemical Society, 
September 11-16, 1955. 

Abstracted from portions of theses submitted by Miss Maire T. Hakala and by 
Mr. Andrew J. Glaid to the Graduate School of Duke University in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy. 

t Present address, Department of Pharmacology, Yale University School of Medi- 
cine, New Haven, Connecticut. 

t Present address, Department of Chemistry, Duquesne University, Pittsburgh, 
Pennsylvania. 
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enzyme, recrystallized five times, exhibited the two electrophoretic com- 
ponents observed by Meister (6) and by Neilands (7). The component of 
higher mobility was separated from the slower component by compensated 
electrophoresis in phosphate buffer, pH 6.60, ionic strength 0.1. After 
one more recrystallization, the preparation was dialyzed free of ammonium 
ion against 0.1 m phosphate buffer, pH 7.20, and was dried by lyophiliza- 
tion. Since the lyophilized preparation, when stored in the cold, appears 
to lose no activity over a period of several months, it is a convenient source 
of enzyme for an extended series of measurements. However, since about 
20 per cent of the activity of the crystalline enzyme is lost during lyophili- 
zation, determinations of the maximal velocity of the enzymatic reaction 
were made with a preparation which was kept as a crystal suspension in 
0.5 saturated ammonium sulfate. 

Enzyme concentrations were determined from optical density measure- 
ments at 280 mu. The extinction coefficient at 280 my was found to be 
1.45 ecm. per mg. of protein per ml., assuming the nitrogen content of the 
enzyme to be 17 per cent (8). Neilands (7) has found this value to be 
1.49, assuming a nitrogen content of 16 per cent. 

Reagents— 

Sodium pyruvate, prepared by the method of Robertson (9), was used 
for many of the earlier determinations. Later measurements were made 
with potassium pyruvate, prepared according to the procedure of Korkes 
et al. (10). Parallel measurements of reaction rate, made with these two 
preparations, failed to reveal measurable differences between them. In 
the presence of excess reduced diphosphopyridine nucleotide (DPNH) 
both preparations were completely reduced in the presence of lactic dehy- 
drogenase. 

For the equilibrium measurements and for some of the kinetic deter- 
minations, reagent DL-lactic acid was diluted with water, depolymerized 
by heating to boiling temperature for a few minutes, and neutralized 
against a glass electrode to pH 7.00 + 0.05 with standard sodium hy- 
droxide. Half the titration value was used to establish the concentration 
of L-lactate in the racemate. Most of the kinetic measurements, however, 
were performed with sodium t-lactate prepared by passing an Eastman 
preparation of zine t-lactate or a preparation of calcium L-lactate from 
the California Foundation for Biochemical Research through a column of 
the acid form of Dowex 50, according to the procedure of Brin (11), fol- 
lowed by neutralization of the effluent with standard sodium hydroxide. 
In agreement with the findings of Kubowitz and Ott (8) and of Neilands 
(7), identical kinetic and equilibrium results were obtained with the L com- 
ponent of pt-lactate and with the pure L isomer. 

Diphosphopyridine nucleotide (DPN) was a Pabst product, estimated 
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by the manufacturer to be of purity greater than 99 per cent. DPN was 
determined from optical density measurements at 260 my by using 18.0 
10° cm. per mole per liter as the extinction coefficient (12, 13). 

DPNH was prepared by the method of Ohlmeyer (14). As a corollary 
to the tests for purity of the pyruvate preparations, the extinction coeffi- 
cient of this material was found to be 6.22 X 10% cm. per mole per liter at 
340 my as determined by the procedure of Horecker and Kornberg (15). 
No reason can be assigned to our failure to duplicate this result in the 
earlier study (1). 

In the presence of a large excess of pyruvate, over a 4-fold range of 
DPNH concentration, 10.5 + 0.8 per cent of the initial absorption of 
DPNH solutions at 340 my did not disappear when lactic dehydrogenase 
was added to the system. Initial DPNH concentrations, determined at 
340 mu, were corrected by this factor. Whatever the nature of the im- 
purity causing this residual absorption, it appears not to interfere with 
the enzymatic reaction since identical reaction velocities were found in 
parallel experiments with dithionate-reduced DPN and with DPN reduced 
by the action of crystalline aleohol dehydrogenase in the presence of a large 
excess of alcohol.! 

Fresh solutions of all the reagents were prepared daily, with the excep- 
tion of stock solutions of sodium t-lactate which were kept in the cold for 
not more than 5 days. 

Methods—Spectrophotometric measurements were made with a Beck- 
man model DU spectrophotometer equipped with dual thermospacers and 
with a cell compartment capable of accommodating 10 cm. cuvettes. 
Three walls of the cell compartment were of similar construction to the 
thermospacers, so that five of the walls of the cell compartment could be 
maintained at constant temperature by water circulated through them 
from a bath regulated to +0.05°. 

Reaction velocity measurements were made by determining the rate of 
change of DPNH concentration from the rate of change of optical density 
at 340 mu. While some preliminary measurements were carried out in 1 
cm. cuvettes, all measurements used for the evaluation of kinetic or equilib- 
rium constants were made with 10 cm. cuvettes. 

Stock solutions of the reagents were kept in the regulated bath for the 
duration of kinetic experiments, with the exception of the enzyme solution 
which was kept at room temperature if the bath temperature was higher 
than room temperature. For velocity measurements from the pyruvate 
side of the reaction, appropriate volumes of buffer, enzyme solution, sub- 
strate, and water, such that the final volume would be 50 ml., were added 
to a 125 ml. Erlenmeyer flask in the regulated bath. At zero time the 


'This determination was carried out by Mr. Yasuo Takenaka. 


XUM 








194 LACTIC DEHYDROGENASE 


coenzyme solution was added rapidly with swirling, and the system was 
transferred to the test cuvette. The initial optical density measurement 
was made 15 to 20 seconds after the coenzyme had been added and, there- 
after, at 15 second intervals for 3 minutes. Since enzyme concentrations 
were adjusted to levels such that optical density readings during at least 
the 1st minute of reaction varied linearly with time, initial reaction veloci- 
ties, determined from the initial slopes of plots of optical density against 
time, were not subject to serious error. The control cuvette contained 
the components present in the test cuvette with the exception of coen- 
zyme. The final buffer concentration was 0.05 m sodium phosphate, pH 
6.80. 

The same procedures were followed in making velocity measurements 
from the lactate side of the reaction with the exception that neutralized 
hydroxylamine was added to a final concentration of 0.01 m. Preliminary 
measurements, in a system containing sufficient lactate and DPN (of the 
order of 10-* m with respect to each reactant) to give a reasonably linear 
reaction course for a few minutes in the absence of a trapping agent for the 
pyruvate formed, indicated the initial reaction velocity to be increased 4.5 
per cent in the presence of 0.01 m hydroxylamine. Since this difference is 
of the order of the error of the determination of initial reaction velocity, 
hydroxylamine was judged to be a suitable trapping agent for pyruvate 
under the conditions of our experiments.2 Measurements of pH were 
made with a Beckman model G pH meter. 


Results 


At the outset of these studies, a series of measurements was made to 
outline the general properties of the system. 

Stability of Enzyme—Solutions of the lyophilized enzyme preparation 
containing 0.02 y of enzyme nitrogen per ml. in 10~* m histidine buffers 
were found not to lose any activity at 30° in 1 hour if the pH of the buffer 
was between 6 and 10. At pH 4.8 and 11.2 nearly all the activity was 
lost. If the buffered solutions of enzyme were incubated at 54.5° for 1 
hour, the pH range of maximal stability was narrowed to pH 7 to 9, and 
even within this range 25 per cent of the initial activity of the enzyme was 
lost. 

Effect of Ion Concentration and Species on Reaction Rate—When sodium 
chloride was added to the 0.05 m phosphate buffer in which determinations 
of reaction velocity were routinely performed, it was found that the rate 


2 The failure to observe the hydroxylamine inhibition, recently studied by Kaplan 
and coworkers (16, 17), with liver aleohol dehydrogenase may arise, in part, from a 
fortunate choice of the order of addition of reagents, since enzyme, hydroxylamine, 
and DPN were not incubated in the absence of substrate, and, in part, from a smaller 
susceptibility of lactic dehydrogenase to this form of inhibition. 
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of reduction of pyruvate was not significantly altered by concentrations 
of added sodium chloride up to 0.05 m. However, when the molarity of 
added sodium chloride was increased to 0.2, 0.3, and 0.5, the reaction 
rate increased to 148, 164, and 175 per cent, respectively, of the mean 


rate observed when the concentration of added sodium chloride was less 
than 0.05 m. 
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Fic. 1. Inhibition of the lactic dehydrogenase-catalyzed reduction of pyruvate 
by high concentrations of pyruvate. The curve was calculated from the equation of 
Lineweaver and Burk (19) for substrate inhibition with values of 1.8 X 10~® for the 
Michaelis constant for pyruvate, 2.5 <X 10-* for the dissociation constant for the 
2nd bound molecule of pyruvate, and 6 X 10-* mole per liter per minute for the 
maximal velocity. The points are experimental points. The DPNH concentration 
was 1.29 X 10-5 M, the lactic dehydrogenase concentration approximately 0.02 y per 
ml., and the temperature 27.5°. The determinations were made in 0.05 m phosphate, 
pH 6.80. 


Replacement of the sodium phosphate buffer by potassium phosphate 
buffer caused no detectable change in the velocity of the reaction. Fur- 
thermore, no change in reaction velocity was observed when the phosphate 
buffer was replaced by 0.9 per cent sodium chloride solution adjusted to 
pH 6.80. 

Inhibition by High Concentrations of Reactants—In agreement with the 
observations of Kubowitz and Ott (8) and of Neilands (18), it was found 
that pyruvate, in high concentrations, is a powerful inhibitor for the reac- 
tion. Fig. 1 illustrates the behavior of a system containing 1.29 X 10-° m 
DPNH in the presence of increasing concentrations of pyruvate. 
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No inhibition by DPNH was found when the DPNH concentration was 
increased to 4.56 X 10~ m at a pyruvate concentration of 1.7 X 10-* m, 
but when the pyruvate concentration was 2.5 X 10-4 m some decrease in 
reaction velocity was found at DPNH concentrations greater than 6 X 107 
mM. A detailed study of the reciprocal effects of pyruvate and DPNH with 
regard to substrate inhibition is being made as part of an investigation of 
inhibition in this system. 

Concentrations of L-lactate up to 0.2 m were not found to cause inhibi- 
tion at a DPN concentration of 1.3 X 10~ m and, conversely, no inhibition 
was observed when the DPN concentration was raised to 1.65 XK 107? m at 
a constant lactate concentration of 7.8 K 10-4 mM. 

Evaluation of Kinetic Constants—Prior to each series of determinations 
used for the estimation of kinetic constants, several sets of determinations 
were made to establish the approximate magnitude of these constants. 
The range of concentration over which suitable determinations can be made 
is limited because determinations of reaction velocity, made at concentra- 
tions of a reactant which are high relative to the Michaelis constant for 
that reactant, yield small changes in reaction velocity and consequent un- 
certainty in the graphical estimation of the Michaelis constant. On the 
other hand, determinations made at concentrations of a reactant which 
are low in relation to its Michaelis constant yield low absolute reaction 
velocities and increased relative errors. Further, as indicated above, high 
concentrations of pyruvate, relative to the Michaelis constant for pyru- 
vate, result in substrate inhibition. 

The present data appear to fit a kinetic equation of the form (8, 20) 

fm Ka Kp Kap 

a a a) 
where v is the observed initial reaction velocity and Vmox is the maximal 
reaction velocity when substrates A and B are present at high concentra- 
tions relative to their respective Michaelis constants, K, and Kg. Kaz is 
a complex constant whose meaning in various possible reaction schemes is 
given by Alberty (3). In the case in which there is no compulsory binding 
sequence for the substrates and in which the equilibrium kinetic approach 
is used, K,x is the dissociation constant for the ternary complex, LAB, 
into free enzyme, free A, and free B. Since it is clear from the work of 
several investigators (3, 20, 21) that the nature of the constants, Ka, Ks, 
and K,s, depends upon the postulated reaction mechanism, and since the 
present results do not permit a choice to be made among several possible 
mechanisms, it seems pointless at this time to enlarge upon the possible 
meanings of these constants. 

In a typical case, the kinetic constants were estimated from the present 
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data by making Lineweaver-Burk (19) plots of reciprocal initial reaction 
velocity against reciprocal pyruvate concentration for several constant 
levels of DPNH concentration. For each level of DPNH, the data de- 
scribe a line having an intercept at 1/P = 0 of 1/Vmex(1 + Kr/R) and a 
slope of 1/Vmax(Kp + Kpr/R).* If the intercepts are plotted against cor- 
responding reciprocal values of DPNH concentration, the resulting linear 
plot has an intercept at 1/R = 0 of 1/Vmex and a slope of Kr/Vmax. De- 
terminations of initial reaction velocity in which the concentration of 
DPNH is varied at several constant levels of pyruvate concentration can 
be used in a similar way for the estimation of Kp and Vinax. Typical plots 
of experimental data are shown in Figs. 2 and 3. 


The complex constant Kpp was estimated by rearranging Equation 1 
into the form 





Vane Kp Kr = Kpr 
; (1+ Se 4 Be) Bes (2) 


Since all the terms in the left-hand member of Equation 2 can be deter- 
mined, a plot of the left-hand member of this equation against 1/PR 
should give a straight line of slope Kpz.4 The value of Koz is estimated 
in a similar way from data obtained from the lactate side of the reversible 
reaction. Since the values found for Kp and Koz, depend upon the values 
assigned to the other kinetic constants, it is clear that errors of estimation 
tend to accumulate in the values of the complex constants. A typical plot 
used for the determination of Koz is presented in Fig. 4. 

In order to avoid the effects of substrate inhibition, it is clearly desirable 
to make estimates of Michaelis constants from the data obtained with sub- 
strate concentrations of the order of the Michaelis constants. On the 
other hand, the estimation of Vinax from velocities measured at such low 
levels of substrate concentration involves a double extrapolation from 
points of relatively low precision. Self-consistent relative values for Vmax 


‘Pyruvate, lactate, DPN, and DPNH have been abbreviated, in the kinetic treat- 
ment,as P,L,O,andR. Kp, K,, Ko, and Kz are the corresponding Michaelis con- 
stants and K pz and Ko, the complex constants for the reactions from the pyruvate 
and from the lactate side of the equilibrium, respectively. 

‘Although several investigators have concluded that a reversible, enzyme-cat- 
alyzed reaction involving two forms of substrate and two forms of coenzyme will 
give rise to curvilinear Lineweaver-Burk plots if the system behaves as a steady state 
system, and if there is no compulsory binding order for the reactants (8, 20, 22), 
calculated plots for a variety of assumed ratios of rate constants indicate that the 
curvilinearity will usually be too small to be experimentally detectable (23). It 
follows that the best test for the fit of experimental data to Equation 1 is the demon- 
stration that a consistent value of Kaz is found over a wide range of variation of the 


product AB. 
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at various temperatures were obtained by making triplicate determinations 
of initial reaction velocity with each of three independently prepared 
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1.64 
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Ko/O j 

Fig. 2. This plot, together with the plot for Fig. 3, illustrates the variation of 
reciprocal initial reaction velocity, expressed as Vmax/v, with reciprocal initial sub- 
strate or cosubstrate concentration, expressed as the ratio of the Michaelis constant 
for the reactant to the concentration of the reactant. The numbers above the lines 
in the figures indicate the ratio of the Michaelis constant to the concentration of the 
reactant whose concentration was held constant. The lines are calculated from 
Equation 1 by using the values given for the kinetic constant in Tables I and II. 
Since a change in the intercept in the upper graph of Fig. 2 and of Fig. 3 corresponds 
to a change in slope in the lower graph, the graphs must be taken together as a repre- 
sentation of the fit of the calculated lines to the experimental points. The reaction 
was measured from the lactate side at 29°. The value of Vinax was 1.40 X 10~¢ mole 
per liter per minute, and the lactic dehydrogenase concentration was approximately 
1.6 X 10°? y per ml. 


enzyme solutions at four temperatures with a single initial concentration 
of substrate and coenzyme. Vmax for each temperature was then deter- 
mined from Equation 1 by substitution into this equation of the values 





for 

loci 
of J 
vari 


mer 


Fr 
the p 
minu 


(1.19 
lo 
used 
zyme 
The 
liter 
numl 
Th 


XUM 


tions 
pared 


ation of 
ial sub- 
‘onstant 
he lines 
m of the 
ed from 
and Il. 
-esponds 
a repre- 
reaction 
0-* mole 
ximately 


ntration 
1 deter- 
> values 





‘ 


M. T. HAKALA, A. J. GLAID, AND G. W. SCHWERT 199 


for the initial substrate concentrations, for the mean initial reaction ve- 
locity, and for the Michaelis constants at each temperature. The values 
of Vmax Obtained in this way agreed well with the mean values found at 
various temperatures by the double extrapolation procedure. 

The absolute value found for Vinx at 25° was obtained from measure- 
ments made in a 1 cm. cuvette at 25° at a high concentration of DPNH 


8 




















T 


0 0.5 LO 5 
Kr/R 
Fic. 3. Same conditions as in Fig. 2, except that the reaction is measured from 
the pyruvate side at 11.5°. The value for Vmax was 7.14 X 10-7 mole per liter per 
minute, and the enzyme concentration was about 1 X 10-? y per ml. 





(1.19 X 10-* m) with pyruvate concentrations varying from 6 to 23 x 
10° m. A preparation of crystalline, rather than lyophilized, enzyme was 
used for this determination, and the values found with lyophilized en- 
zyme were adjusted to the value found with the crystalline preparation. 
The value of Vinax found under these conditions, 4.15 X 10* moles per 
liter per minute per 135,000 gm. of enzyme (18), agrees well with turnover 
numbers which have been reported previously (6, 18). 

The kinetic constants estimated from the data obtained at different tem- 
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peratures are summarized in Tables I and II. While it would have been 
desirable to make determinations from the pyruvate and lactate sides of 
the reaction at identical temperatures, the reaction velocity from the lac- 
tate side was too low at temperatures less than 15° to permit of reliable 
measurement. 























Oe ; ; ; + 
18) 2 4 6 8 10 
er 
+. x 10 


Fic. 4. A plot of the left-hand term of Equation 2 against the reciprocal of the 
product of substrate and coenzyme concentrations. This figure is drawn from the 
data presented in Fig. 2. 


TABLE [| 


Kinetic Constants for Lactic Dehydrogenase-Catalyzed Conversion 
of Lactate to Pyruvate 





Temperature Kr Ko Kou | Vinax* 
a ED 
%. 10-4 u | 10-5 w 107" 108 
15 2.1 2.1 1.5 0.544 
22 5.3 2.5 1.7 | 0.95! 
29 8.85 2.75 1.5 1.4 
2.4 2.24 


36 20 3.0 





* Vinax is expressed as moles per liter per minute per 135,000 gm. of enzyme. 


Evaluation of Equilibrium Constant—The position of the equilibrium 
constant was found by determining the stable optical density reading 
after known initial concentrations of pyruvate, lactate, DPN, DPNH, and 
enzyme were placed in a 10 cm. cuvette in the temperature-regulated cell 
compartment. The reactions were carried out in 0.05 m phosphate, pH 
6.80. Since the equilibrium constant for this reaction has been estimated 
previously (7, 8, 24), it was possible to calculate initial concentrations of 





react 
rium 
zyme 
ity d 
of al 
exper 
At e: 
16-fo 
centi 
ing t 
urem 
extin 
tion 


DPN 
appre 
In 
paren 
on th 
the fii 
tion ¢ 
urem¢ 
preset 
ing tk 
added 
4X) 
prepa 
of red 
tate, 
contai 


that, 


XUM 


een 
s of 
lac- 
able 


of the 
ym the 





44 
51 





ne. 


ibrium 
eading 
H, and 
ed cell 
te, pH 
imated 
ions of 





M. T. HAKALA, A. J. GLAID, AND G. W. SCHWERT 201 


reactants which would give a suitable optical density reading at equilib- 
rium. The enzyme concentration was of the order of 10-° m. This en- 
zyme concentration is somewhat higher than that used for reaction veloc- 
ity determinations, but so much smaller than the equilibrium concentration 
of any reactant that preferential binding of one reactant would not be 
expected to influence the equilibrium constant in any measurable way. 
At each temperature the initial concentration of lactate was varied over a 
16-fold range at two levels of initial DPN concentration. The initial con- 
centrations of pyruvate and DPNH were equal in each case. In determin- 
ing the equilibrium concentration of DPNH from the optical density meas- 
urement at 340 my, account was taken of the fact that at pH 6.80 the molar 
extinction coefficient of DPN is 43.0. Since the equilibrium concentra- 
tion of DPN was high, compared to the equilibrium concentration of 


TABLE II 


Kinetic Constants for Lactic Dehydrogenase-Catalyzed Conversion 
of Pyruvate to Lactate 





| 








Temperature Kp Kr Kpr Vmax® 
*C. 10-6 107 u 10-2 104 
11.5 2.7 7.4 3.7 1.1° 
16 5.5 16 5.0 1.84 
25 15 35 6.5 4.15 
35 34 62 34 9.65 














* Vmax is expressed as moles per liter per minute per 135,000 gm. of enzyme. 


DPNH, the contribution of DPN to the equilibrium optical density was 
appreciable. 

In agreement with the observation of Kubowitz and Ott (8), the ap- 
parent equilibrium constant for the reaction was found to be dependent 
on the initial concentration of lactate. This phenomenon is illustrated in 
the first four columns of Table III for the data obtained at 16°. Examina- 
tion of the data led to the hypothesis that the lactate used in these meas- 
urements contained traces of some material reducible by DPNH in the 
presence of lactic dehydrogenase. This hypothesis was tested by measur- 
ing the decrease in absorption at 340 my when lactic dehydrogenase was 
added to systems which were 2 X 10-* m with respect to L-lactate, and 
4X 10-* m with respect to DPNH. Solutions of sodium lactate, freshly 
prepared from Merck pt-lactic acid, were found to contain 0.052 per cent 
of reducible material, while solutions freshly prepared from calcium L-lac- 
tate, supplied by the California Foundation for Biochemical Research, 
contained 0.007 per cent of reducible impurity. It was further observed 
that, when a stock solution of sodium t-lactate was allowed to stand in 
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air at room temperature for 2 weeks, the concentration of impurity rose 
from 0.007 to 0.2 per cent. The rate of oxidation of DPNH by the im- 
purity was found to be diminished in the presence of hydroxylamine, 
Since lactic dehydrogenase is specific for a-keto acids, it seems probable 
that the impurity is pyruvate. 

The data used for calculation of the equilibrium constants were corrected 
by adding 0.052 per cent of the initial L-lactate concentration to the initial 
pyruvate concentration. No account was taken of the trivial diminution 


Taste III 


Determination of Equilibrium Constant for Lactic Dehydrogenase-Catalyzed 
Conversion of Lactate to Pyruvate at 16°* 











Change in si on 
DPNo bo. joo concen (PsP RUDPNESY )| Po sy Pt Sal (byt a) PNT 
librium (4) | (40 —4)(DPNo—4) (Lo — 4)(DPNo — 4) 
10-5 u 103 10-6 mole per 1. 10-5 10-6 u 10-5 
7.37 2.00 —5.17 0.436 7.04 0.981 
7.37 4.00 —5.03 0.299 8.08 0.940 
7.37 8.00 —4.83 0.218 10.16 0.994 
7.37 16.00 —4.60 0.157 14.32 1.09 
7.37 32.00 —4.59 0.079 22.64 1.01 
10-4 mu 
7.37 1.00 —3.31 0.978 6.52 1.16 
7.37 2.00 —2.34 0.906 7.04 1.16 
7.37 4.00 —1.46 0.697 8.08 1.02 
7.37 8.00 —0.17 0.586 10.16 0.986 
7.37 16.00 +1.00 0.415 14.32 0.907 




















* The initial concentration of DPNH (DPNH,) and the nominal initial concen- 
tration of pyruvate (P») were each 6.00 X 10-* m for each determination. 


of initial L-lactate concentration by the trace impurity. The effect of this 
correction is shown in the last two columns of Table III. 

In order to weigh the points obtained at moderate optical density read- 
ings more heavily than those obtained at very high or very low readings, 
the equilibrium constants were taken as the slopes of lines obtained by 
plotting the product of the equilibrium concentrations of pyruvate and 
DPNH against the product of the corresponding concentrations of lactate 
and DPN. These plots appear in Fig. 5. 


DISCUSSION 


The values for the various Michaelis constants in Tables I and II tend 
to be slightly smaller than those found by other investigators. In the re 
gion of neutrality and at temperatures between 20-27°, Kp has been re 
ported as 9 X 10-* (8), 5.2 X 10-* (6), and of the order of 10-* (7); Ky 
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has been estimated as 5 X 10-* (8), less than 10-* (6), and of the order of 
10° (7); Kz, and Ko have been estimated ‘to be of the order of 10-* and 
10-*, respectively (7). The explanation for the lower values found in this 
study may lie in the fact that, for a system obeying Equation 1, the esti- 
mation of K, from a conventional Lineweaver-Burk plot of reciprocal 
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Fig. 5. The plots illustrate the method of evaluation of the equilibrium constants 
at various temperatures. Solid symbols, initial DPN concentration of approxi- 
mately 7.4 X 10-5 M; open symbols, initial DPN concentration of approximately 
74x 10-‘m. Both refer to initial DPNH and pyruvate concentrations, uncorrected 
for the pyruvate present in the lactate, of 6.00 X 10-*m. ©, initial DPN concentra- 
tion of 7.4 X 10-5 M; @, initial DPN concentration of 7.4 X 10-4 m for zero initial 
concentrations of DPNH and pyruvate. About one-third of the experimental points 
have been omitted to prevent crowding of the figure. The values of the equilibrium 
constants, determined as the slopes of these lines, are given in Table IV. 





initial reaction velocity against reciprocal initial concentration of substrate 
A at a single constant concentration of substrate B yields, as the ratio of 
slope to intercept, not K,, but (K,B + Ka,s)/(Kp + B). When B is 
large compared to Kx, the apparent value of K, determined in this way 
approaches K, + Kx, /B. Ingraham and Makower (22) have considered 
the variation of apparent Michaelis constants and maximal velocity with 
the concentration of the reactant, the concentration of which is held in- 
variant in a determination. 

The values in Tables III and IV for the equilibrium constant were cal- 
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culated from the expression, (pyruvate)(DPNH)/(lactate)(DPN). Since 
the complete reaction is lactate + DPN = pyruvate + DPNH + H+ 
(24), the complete expression for equilibrium constant is (pyruvate) 
(DPNH)(H*)/(lactate)(DPN). If the term for hydrogen ion concentra- 
tion is introduced into the value shown for the apparent equilibrium con- 
stant, the true equilibrium constant at 25° is found to be 2.76 x 10°” 
mole per liter. 

The relation of the value found for the equilibrium constant to previ- 
ously reported values (7, 8, 24) is not entirely clear. It has been indicated 
that traces of a reducible impurity, present in the lactate preparations 
used, tend to cause low values to be found for the equilibrium constant 
when only the change in DPNH concentration is measured. On the other 
hand, Neilands (7) has found that lactic dehydrogenase parallels the be- 
havior of alcohol dehydrogenase (25) in that the observed equilibrium con- 
stant is increased in the presence of high concentrations of enzyme. In- 











TABLE IV 
Fit of Kinetic and Equilibrium Constants to Relations Derived by Alberty (8) 
Temperature i Ke yaeere Observed equilibrium 
°C. 10-6 10-8 10-5 
16 1.15 5.29 0.978 
25 1.81 5.66 1.74 
35 2.85 6.26 3.24 

















terpolation from a van’t Hoff plot of the data of Kubowitz and Ott (8), 
obtained at 20° and 39°, yields a value of 4.16 X 10~-” for the equilibrium 
constant at 25°. The value reported by Racker (24), 4.4 X 10~” at 25°, 
is in good agreement with that derived from the results of Kubowitz and 
Ott (8), but no enzyme concentration is specified for either of these de- 
terminations. Neilands (7) has recently found the mean value of the 
equilibrium constant at enzyme concentrations less than 10-* m to be 
3.3 X 10-" between pH 7 and pH 10. There appears, however, to be a 
slight trend to these results with increasing pH, since the values found 
increase from 2.3 X 10~ to 4.3 X 10~-” over this pH range. 

The apparent equilibrium constant at 25°, corrected to pH 7.00, has a 
value of 2.76 X 10-°. This value yields —0.135 volt for AE’, for the sys- 
tem. If —0.32 volt is taken as the value of FE’) for DPN-DPNH (26), 
E’, for pyruvate-lactate is —0.185 volt. Burton and Wilson (26) cal- 
culated the pyruvate-lactate value to be —0.190 volt from the equilibrium 
data of Racker (24). 

The variation of the logarithm of the equilibrium constant with recipro- 


cal absolute temperature, illustrated in Fig. 6, may be used to calculate | 





Fr 
equil 
mine 
given 
const 


XUM 


ince 

Ht 
ate) 
itra- 
con- 
10-2 


revi- 
ated 
tions 
stant 
other 
e be- 
con- 
In- 


(3) 





rium 


t (8), 
brium 
t 25°, 
z and 
se de- 
of the 
to be 
» be a 
found 


has a 
1e sys- 
| (26), 
3) cal- 
ibrium 


ecipro- 
lculate 





M. T. HAKALA, A. J. GLAID, AND G. W. SCHWERT 205 









































«2 
A 
-3 5 
Ki 
-4T 
= 09——_——9 ——$$$_9 —__5_ © 
=——+»_. _ 
-5 ™ — ~@— _Keq 
x 
S 
—_— -6 5 
Vm 
QA Kor 
a 
-77 
-8 7 : 
32 a 34 35 
+ x 10% 
Fic. 6, A 
-4 
-5- Kp 
x 
o 
2 
--10 
& 
x 
mal $ 
-7 ; ; ; -|2 
3.2 33 3.4 3S 
ty193 
7X10 
Fia. 6, B 


Fic. 6. A and B. Variation of the logarithms of the kinetic constants and of the 
equilibrium constant with reciprocal absolute temperature. The lines were deter- 
mined by the method of least squares. The values of Kp, Kp, and K pz at 16° were 
given half the weight of the other points because of a somewhat poorer fit of the 
constants to the experimental points in plots of the type shown in Fig. 2. 
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an apparent value of AH for the reaction of 11.2 + 0.2 kilocalories per 


mole. However, since the value of pK’ for phosphate buffer decreases P 
age ; eect co 
with increasing temperature, the determinations were not made at con- pe 


stant hydrogen ion concentration. The value of pK’ for the buffer at 
various temperatures was obtained by interpolation in the data of Hitch- 
cock and Taylor (27), and the values found for the equilibrium constants ki 
at 16° and 35° were corrected to a hydrogen ion concentration correspond- 
ing to a pH of 6.80. Use of these corrected values yields a value of 10.3 + 
0.2 kilocalory per mole for AH. This result is in remarkably good agree- 
ment with the value of 10.6 kilocalories per mole recently determined at 
pH 7.30 by direct calorimetric measurement by Katz (28), who estimates | 
the uncertainty of his determination to be about 2.5 per cent. IV 

From the true equilibrium constant found at 25°, AF° can be calculated 





to be 15.8 kilocalories per mole. From this result and that found for AH, i 
AS for the reaction is —18.4 calories per mole degree. Katz (28) has dis- to 
cussed the thermodynamic properties of the reaction in terms of the formal 
partial reactions which are involved. 
The relation between equilibrium and kinetic constants for enzyme-cata- “ 
lyzed reactions was originally derived by Haldane (29). Alberty (3) has the 
recently extended Haldane’s treatment to a number of previously uncon- fit 
sidered reaction mechanisms. The present data appear to be the first Lis 
which are suitable for testing the usefulness of the relations derived by 
Alberty. 
Alberty (3) found that four reaction mechanisms for the general reac- Pos 
tion A + B= C + D are described by Equation 1. These mechanisms “i 
all give rise to the folfowing relation between equilibrium and kinetic con- i 
stants: to | 
V;Kep exis 
am V,Kas ” dro 
where Vy; and V,; are the maximal velocities in the forward and reverse ot 
directions and K,, and Kep are the complex constants mentioned previ- altl 
ously. The mechanisms which fit both Equations 1 and 3 are as follows: a 
(a) the instance in which there is no compulsory binding order of substrates sad 
by the enzyme, in which the dissociation constants for the dissociation of bin: 
A and B from the binary enzyme-substrate complexes EA and EB are ‘ 
different from those for the dissociation from the ternary complex EAB, _ 
and in which the limiting velocity is the rate of conversion of the ternary ag 


complex EAB to the ternary complex ECD; (b) the instance in which os 
there is a compulsory binding order for the substrates, in which there is no " 
single limiting reaction velocity, and in which the two ternary complexes, of |i 
EAB and ECD, have sufficient stability to be of kinetic significance; (c) to . 
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a situation similar to that of (b), with the exception that only one ternary 
complex is postulated to be of kinetic significance; and (d) the mechanism, 
postulated by Theorell and Chance for the alcohol dehydrogenase reac- 
tion (4), in which one binary complex, e.g. EA, reacts so rapidly with sub- 
trate B that the possible ternary complex EAB cannot be detected by 
kinetic measurements. Alberty (3) also found that case (d), in addition 
to satisfying Equation 3, satisfies the relation 


V;*KcKp 
V2KaKp (4) 





Key = 


The fit of the present data to Equations 3 and 4 is presented in Table 
IV. Since the various constants were not evaluated at identical tempera- 
tures, the values compared in Table IV were taken from the least squares 
lines, shown in Fig. 6, which relate the logarithms of the various constants 
to reciprocal absolute temperature. Considering the uncertainty of esti- 
mation of the kinetic constants, the agreement between the experimentally 
observed equilibrium constants and equilibrium constants calculated from 
the kinetic constants by the use of Equation 3 may be fortuitous. None 
the less, it is concluded from the present results that Equation 4 does not 
fit the data, and that the reaction mechanism which gives rise to Equation 
4 is not a probable mechanism for this reaction. 

The alternative mechanisms which satisfy Equations 1 and 3 all involve 
postulated ternary complexes. The postulation of such complexes has 
recently been criticized on the basis that there is no valid experimental 
evidence for their existence (30). While the present results provide no 
more than presumptive evidence in favor of this hypothesis, there appears 
to be a variety of corroborative evidence which is consistent with the 
existence of ternary complexes. The direct, stereospecific transfer of hy- 
drogen between substrates and coenzymes in the alcohol and lactic dehy- 
drogenase systems has been explained by Westheimer and Vennesland and 
their collaborators (31, 32) in terms of ternary complexes. An alternative, 
although improbable, explanation of these results is that hydrogen is trans- 
ferred from the reduced form of one substrate to the enzyme and that this 
reduced enzyme reacts with the oxidized form of the other reactant. If 
binary complexes are assumed to be intermediates in each step of this 
reaction, the kinetic equation is Vinax/v = 1 + K,/A + Kpg/B, and the 
equilibrium constant is given by Keg = V?KcKp/VPK,Kzg (3). Since 
the present results do not satisfy these relations, this possibility can be 
dismissed. 

The change in the spectrum of DPNH in the presence of large quantities 
of lactic dehydrogenase, observed by Chance and Neilands (33), appears 
to provide direct evidence for a binary enzyme-DPNH complex. An en- 
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zyme-pyruvate complex seems to be a necessary postulate to explain the 
competitive behavior of oxamate with respect to pyruvate and lactate and 
the non- or uncompetitive behavior of this inhibitor with respect to DPN 
and DPNH (34).° In view of these indications that enzyme-substrate and 


en 


zyme-cosubstrate complexes exist, the postulate of a ternary enzyme- 


substrate-cosubstrate complex does not seem improbable. 


At the present time, no choice can be made among the remaining possi- 


ble reaction mechanisms. It is anticipated that studies now in progress 
may enable such a choice to be made. In view of the uncertainty attend- 
ing the meaning of the individual kinetic constants, the interpretation of 
the variation of these constants with temperature (Fig. 6) must be de- 
ferred. 


SUMMARY 


The kinetic and equilibrium constants for the lactic dehydrogenase sys- 


tem have been evaluated over a range of temperature at pH 6.80. The 
initial reaction velocities, starting from either side of the reversible reac- 
tion, obey a kinetic equation of the form: Vmax/v = 1 + K,s/A + Kp/B+ 


K 


as/AB. The kinetic and equilibrium constants have been related by 


one of the expressions derived by Alberty (3). It is concluded that, al- 
though a single mechanism cannot be assigned to the reaction, the most 
probable reaction sequence involves one or more ternary complexes of en- 
zyme, coenzyme, and substrate. 


The variation of the equilibrium constant of the reaction with lactate 


concentration, first observed by Kubowitz and Ott (8), has been assigned 
to enzymatically reducible impurities present in the lactate. The value 
of AH for the reaction, calculated from the variation of the equilibrium 
constant with temperature, has been found to agree well with that recently 
determined by direct calorimetry by Katz (28). 


— 


_ 
— 
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THE TITRATION OF SOME PHOSPHATIDES AND 
RELATED COMPOUNDS IN A 
NON-AQUEOUS MEDIUM* 


By JAMES E. GARVIN{ anp MANFRED L. KARNOVSKY 


(From the Department of Biological Chemistry and the Biophysical Laboratory, 
Harvard Medical School, Boston, Massachusetts) 


(Received for publication, November 16, 1955) 


Information regarding the ionic species of the phosphatides as they exist 
in lipide solvents may be inferred from their acid-base titration curves in 
such solvents. A number of titrations of lecithin (2-4) and of “cephalin” 
(2, 4, 5) have been reported. However, the chemical composition of some 
of the preparations employed, especially the ‘“‘cephalin,” is questionable. 
In addition, cross-comparison of the available data is difficult, as different 
solvents were used by the various investigators. Finally, evaluation of 
the behavior of the phosphatide functional groups in aqueous medium re- 
mains uncertain. The clarification of the chemical species present in brain 
“cephalin” by Folch (6-9) and the availability of synthetic phosphatides 
by the methods of Baer et al. (10, 11) have suggested the reexamination of 
the properties of the phosphatides when titrated in non-aqueous media. 

An electrometric titration system in which a solvent mixture which dis- 
solves a large number of lipides is employed has been developed. Titra- 
tions of phosphatidylcholine, phosphatidylserine, phosphatidylethanola- 
mine, a phosphatidic acid, and fatty acids, as well as related compounds, 
were carried out. The method described should be of interest in connec- 
tion with the quantitative determination and identification of small 
amounts of lipide substances. Further, the data obtained permit infer- 
ences to be drawn regarding the ionic species present in solution under 
conditions defined as to solvent composition, inorganic ions present, and 
apparent pH as measured by the glass electrode. 


* This investigation was supported by a contract with the Atomic Energy Commis- 
sion and by the Eugene Higgins Trust through Harvard University. Some of the 
data presented are from a thesis submitted by James E. Garvin to the Faculty of the 
Graduate School of Arts and Sciences of Harvard University, Division of Medical 
Sciences, in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy. A preliminary report has already been presented (1). 

+ Postdoctoral Fellow of the United States Public Health Service, 1951-53. Pres- 
ent address, Department of Nutrition, Harvard School of Public Health, 1 Shattuck 
Street, Boston 15, Massachusetts. 
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212 NON-AQUEOUS TITRATION OF PHOSPHATIDES 
Materials mod 
In the titrations the following materials were employed: potassium acid 7 
phthalate, Mallinckrodt primary standard; pi-alanine, Eastman No. 845 ae 
(total nitrogen, theory 15.7 per cent, found 15.8 per cent) ; glycine, Eastman ail 
No. 445 (total nitrogen, theory 18.7 per cent, found 19.3 per cent); pL- re 
serine, Merck recrystallized (total nitrogen, theory 13.8 per cent, found T 
13.4 per cent); ethanolamine, Eastman No. 1597, distilled from potassium (vol 
hydroxide just before use, b.p. 168-171° (corrected); stearic acid, Merck, ‘oie 
five times recrystallized, m.p. 69.5-70.0°; palmitic acid, Eastman No. 1213; sil 
lauric acid, Eastman No. 933; myristic acid, Matheson No. 2431; benzoic freq 
acid, Mallinckrodt analytical reagent, sublimed two times; acetic acid, . 
Baker’s analyzed; lactic acid, Mallinckrodt 85 per cent; p-hydroxybenzoic i 
acid, Poulenc Fréres, resublimed, m.p. 214° (corrected); 6-glycerophos- ssi 
phoric acid, disodium salt (pentahydrate), Eastman No. 3532, maximal , 
content of the a isomer 0.1 per cent (total phosphorus, theory 10.1 per “18 
cent, found 9.8 per cent). ~Y 
The dipalmitoyl-L-a-glycerophosphoric acid! was a synthetic prepara- tach 
tion (10). The phosphatidylserine, prepared from ox brain according to fust 
Folch (8), had the following composition: N 1.76 per cent, P 3.62 per cent, of - 
NH.2-N 1.44 per cent, COOH-N? 1.44 per cent, nitrogen as serine 1.31 per aan 
cent, nitrogen as ethanolamine 0.03 per cent, iodine number 65. Egg titra 
lecithin prepared according to Pangborn (12) had the following composi- omg 
tion: N 1.82 per cent, P 3.94 per cent, N:P 1.01 (molar ratio), NH2-N less ieee 
than 1 per cent (as phosphatidylethanolamine or phosphatidylserine), 
iodine number 54.2, soap plus free fatty acid 0 per cent. The L-a-dimy- <i 
ristoylcephalin, which was a synthetic preparation! (11), had the following “ 
composition: NH2-N 2.1 per cent, P 4.96 per cent. The L-a-dipalmitoyl- 0.05 
lecithin* prepared from yeast (13) had the following composition: N 2.10 bales 
per cent, P 4.70 per cent, N:P 0.97 (molar ratio), iodine number 0, soap ‘sam 
plus free fatty acid 8 per cent. With the exception of the rather high phos- (21) 
phorus and nitrogen values for the L-a-dipalmitoyllecithin, these data are 6.99 
in accord with those reported in the literature. Er 
Methods oa 
In the analysis of the materials the following procedures were employed: sa 
total phosphorus by the method of King (14); iodine number by the micro- | tate 
method of Yasuda (15); total nitrogen by a wet combustion method (16) | the 
slightly modified from Uzman;* NH2-N according to Van Slyke (17), a8 | pin) 
1 The authors are greatly indebted to Dr. Erich Baer for these preparations. 8 
2 We wish to express our appreciation to Dr. J. Folch and Dr. M. Lees for carrying 
out this determination. tee 
* The authors are greatly indebted to Dr. D. J. Hanahan for this sample. | sii 


4 Personal communication of Dr. J. Folch. 
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modified by Folch‘ (8) for phosphatides; nitrogen as serine or ethanolamine 
by the procedure of Axelrod e¢ al. (18); amino nitrogen as phosphatidyl- 
serine or phosphatidylethanolamine by spot testing on paper with the 
buffered ninhydrin reagent of Moore and Stein (19). The free fatty acid 
and soap determinations were made by the non-aqueous titration procedure 
described in this paper. 

The solvent system employed in the titrations consisted of 99 per cent 
(volume per volume) (11.0 mM) 2-ethoxyethanol and 1 per cent (0.56 m) 
water. The mixture was 0.001 m with respect to KCl. This solvent 
mixture (without the KCl) had a dielectric constant of 14 + 1° at low 
frequency (10° cycles per second). The titrations were followed by meas- 
uring the potential difference developed between a glass electrode (Beck- 
man 4990-29) and a saturated calomel half cell reference electrode (Beck- 
man 4970-29) immersed in the solution. Potentials, recorded in millivolts, 
were measured with a potentiometer (Beckman model H-2 pH meter). 
The materials to be titrated (approximately 1 weq.) were dissolved in 2.0 
ml. of solvent mixture and added to a small glass cup. The cup was at- 
tached to the titration apparatus with a gas-tight seal, the apparatus was 
flushed with nitrogen, and the titration was carried out by the addition 
of small increments of 0.01 N HCl or KOH in a solvent mixture of 99 per 
cent (volume per volume) 2-ethoxyethanol and 1 per cent water. Back- 
titration with either acid or base was accomplished without taking down 
the apparatus since two burettes, one containing acid and one base, were 
routinely incorporated in the arrangement of equipment. Mixing was 
provided by a magnetic stirrer. All the titrations were carried out at room 
temperature which varied from 21-27°. 

In the preliminary titrations the potentiometer was standardized with 
0.05 m potassium acid phthalate (pH 4.008 at 25° (20)) and Beckman buffer 
solution (pH 7.07 + 0.04 at 25°). In the phosphatide titrations the fol- 
lowing four reference solutions were used: 0.100 n HCl, pH 1.085 at 25° 
(21); 0.050 m potassium acid phthalate as above; phosphate buffer, pH 
6.994 at 25° (22); 0.050 m sodium borate, pH 9.180 at 25° (21). 

End-points and mid-points (“‘pK’,’’)® were estimated from the titration 
curves by a simple graphical procedure, which gave greater stoichiometric 
accuracy and precision than the ApH/AB method (23). A template was 


_ fitted to the titration curve plotted after subtraction of the blank and ro- 


tated through 180°. Corresponding points on the mirror image arms of 
the curve were noted. End-points were assigned at positions plus and 
minus 120 mv. (or 2.0 “pH” units) from the mid-point of symmetry. 


5 We wish to express our appreciation to Dr. J. L. Oncley and Mr. J. K. Inman for 
carrying out this determination. 


‘ Throughout this paper apparent pH or apparent pK’, in the 2-ethoxyethanol 


| solvent system is referred to as “‘pH” or ‘‘pK’,’’, respectively. 
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“‘pK’,” was designated as this mid-point. ‘pH’ numbers were assigned 
to the millivolt values according to the equation 

E, ad Ky “ 

iin wa H’”’ 1 

AB/ApH, 7 
where E, is the measured electromotive force in the 2-ethoxyethanol sol- 
vent and AZ,/ApH, and K; are the slope and intercept, respectively, of the 
electrode pair employed with the aqueous reference standards. 


DL ALANINE (Ko) 
+ GLYCINE (Kz) —_, 3 
ETHANOLAMINE —~ “8 
4 













gt B- GLYCERO- Pai DL SERINE (K,) 
L PHOSPHORIC dita POT. ACID 
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pk25°C Bor acip Pr 
aL PHTH. (K,). (7 ™ P-OH BENZOIC 
| GLYCINE a \ BENZOIC 
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P o DL SERINE (K,) 
a “Ss B-GLYCEROPHOSPHORIC (K,) 
ae eee ee ee ee ee 
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"pK! * 

Fia. 1. Relation of apparent pK’, (‘‘pK’,’’) to pK,?5 (in water). Measurement of 
“‘nK’,”? was made from titration curves obtained with the glass electrode and sat- 
urated calomel half cell reference electrode. The solvent system was 99 per cent 
(volume per volume) 2-ethoxyethanol, 1 per cent water, and 0.001 m KCl. The val- 
ues for the pK,”5 (which include a number of pK’,?5 values) were obtained from the 
following sources: pL-serine, K’; and K’, (28); glycine, K’; and K’2; pu-alanine, K’; 
and K’, (29); potassium acid phthalate, K, (30) and Ke (31); lactic acid, K (82); ben- 
zoic acid, K (24); ethanolamine, K (27); acetic acid, K (24); p-hydroxybenzoic acid, 
K, (83); 8-glycerophosphoric acid, K’; and K’, (26). 


In practice when 1 to 2 yweq. was titrated, these procedures regularly 
gave results in the “pK’,” range of 3.8 to 8.5 to within 2 per cent of the 
value of the carboxy] groups, as determined by independent characteriza- 
tion of the compounds. Thus, by using base standardized against pure 
benzoic acid. the following purity was determined by triplicate titrations 


for several of the compounds noted under “Materials: potassium acid | 


phthalate 102 + 1 per cent, p-hydroxybenzoic acid 99 + 1 per cent, stearic 
acid 102 + 1 per cent, pi-serine (carboxyl group) 98 + 4 per cent. Out- 
side the range of “‘pK’,”” mentioned above, the titration values were less 
exact. When an end-point at either margin of the titration range was 
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uncertain but a mid-point of symmetry could be established, the total 
titer was estimated by taking twice the value between the “pK’,” and the 
41) certain end-point. This was found necessary with the 0.01 Nn titrants 
only when the end-points were less than “‘pH” 2 or greater than “pH” 11. 
An estimate of the variability of individual measurements of the “pK’,” 
ol- : < . : : 
he | Was provided by a comparison of the mid-points measured for the benzoic 
acid standard over a period of months. In thirty titrations of benzoic 
acid in the non-aqueous solvent mixture an average “pK’,” of 7.79 + 0.11 
(standard deviation) was obtained. The reliability of the apparatus itself 
was further tested by employing it in the aqueous titration of representative 
known materials. These aqueous titrations were conducted at approxi- 


LEQ BASE 





r@) et lL lL l l 
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it of 2 4 6 8 10 12 

sat- APPARENT pH 

cent Fig. 2. Theoretical law of mass action curve compared with stearic acid titration 
val- curve. The solid line represents the mass law relationship; the circles represent the 


the | experimentally determined points after subtraction of a small blank. The solvent 


Kk system was 99 per cent (volume per volume) 2-ethoxyethanol, 1 per cent water, and 
ben- | 0.001 m KCl. 





acid, 
mately 0.005 m with respect to the total amount of the compound with the 
following results: acetic acid, pK’, = 4.76 + 0.02, pK,?> = 4,76 (24); 
arly second acid dissociation constant of 6-glycerophosphoric acid, pK’, = 
the 6.51 + 0.02, pK.25 = 6.6 (25), and pK’.2* = 6.34 (26); ethanolamine, 
il pK’, = 9.25 + 0.02, pK’,”* at approximately 0.005 m = 9.36 (27). 
hions | Results 
acid Preliminary Titration of Some Compounds Containing Carboryl and 
bares Amino Groups Which Are Soluble in Both 2-Ethoxyethanol 
yr Solvent System and Water 
: less 


was The apparent pK’, (“pK’.”) values obtained for a series of compounds 
| were plotted against their pK,”° values (in water) as shown in Fig. 1. The 
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solid line (obtained by the method of averages) through the points for the 
carboxyl groups is described by the equation 


pK.?5 = 0.5“pK’,” + 0.5 (2) 
Titration of Fatty Acids 


A comparison of the experimentally obtained curve for stearic acid with 
the mass law equation 
[A-] 


“ wm an 6 4 9» 
pH pK’.” + log [HA] (3) 


is shown in Fig. 2. The agreement is quite close. The acid dissociation 


TaBLeE I 
Calculated pK,** Values for Some Long Chain Fatty Acids 
The empirical Equation 2, pK.?* = 0.5 “‘pK’,”’ + 0.5, was used to obtain these 
estimates. ‘‘pK’,” denotes the apparent pK’, as determined in the solvent system 
99 per cent (volume per volume) 2-ethoxyethanol, 1 per cent water, and 0.001 m 
KCl. e 





Fatty acid “DK’,” pK, (calculated) 











Eee eer a eee ee re ete AF ce 8.4 4.7 
ES EO PE OEE RC ee 8.2 4.6 
EY a tesa cii-tl eeu eale aaa e Beas es 8.3 4.7 
IEE TOC CO. A LE ES See Ee 8.2 4.6 
ae rue there sais eae ek oaars 8.1 4.6* 





* Our value for acetic acid measured in the same apparatus as was used for the 
non-aqueous titrations was pK’, = 4.76 at approximately 0.005 m. The pK,?* has 
been determined to be 4.76 (24). 


constants of five fatty acids expressed as ‘“‘pK’,” found by titration in the 
non-aqueous medium and as calculated pK’, in aqueous medium from 
Equation 2 are shown in Table I. 


Titration of Some Phosphatides 


Fig. 3 and Table IT show the results obtained on titrating some phos- 
phatides (as well as pL-serine, ethanolamine, and §-glycerophosphoric acid) 
in the 2-ethoxyethanol solvent system. To test for a possible interaction 
of lecithin and fatty acid in this solvent system, 1 umole of palmitic acid 
was quantitatively titrated in the presence of 5 wmoles of egg lecithin. The 
presence of the lecithin did not affect the “pK’,” of the palmitic acid, nor 
did the presence of the palmitic acid appreciably affect the appearance of 
the lecithin curve outside the range of the “pK’,” for palmitic acid +2.0 
“pH” units. The yeast lecithin preparation showed buffering correspond- 
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aed ing to 8 per cent of the phosphorus on a molar basis. The mid-point of 
this buffering was 8.2 + 0.1 “pH” units. Since the amino nitrogen, as 
phosphatidylserine or phosphatidylethanolamine, was less than 1 per cent 
(2) | of the phosphorus on a molar basis, this buffering was assigned to “free” 
fatty acids. Of importance in this regard was the finding that the bulk of 
titratable fatty acid (unesterified fatty acid) was in the salt form. Hence, 
ith | if the determination of “free” fatty acid had been carried out by titration 
with base alone, the salt (soap) present would have been undetected. 
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— Fig. 3. Titration curves of some phosphatides. The titrations were carried out 
‘the | with approximately 0.01 n HCl and KOH in a solvent system consisting of 99 per cent 
‘has | (volume per volume) 2-ethoxyethanol, 1 per cent water, and 0.001 m KCl. The titra- 
tion curves have been normalized as follows: Curve A (dipalmitoyl-L-a-glycerophos- 
phoric acid) to 1 neq. of phosphatide phosphorus added, Curve B (phosphatidylserine 
the | from brain) to 1 weq. of NH:-N and COOH-N (NH:2-N and COOH-N were exactly 
rom equal for this preparation), Curve C (L-a-dimyristoylcephalin) to 0.25 weq. of NH2-N 
added, Curve D (egg lecithin) to 5 neq. of phosphatide phosphorus added. 


DISCUSSION 


hos- The quantitative correspondence of the titrations with the value of the 
cid) | functional groups as determined by separate chemical analysis is taken as 
tion | support for the belief that these titrations are actually of the groups indi- 
acid | cated. Thus the contour of the titration curve and its position in the “pH” 
The | sale serve both to identify and determine quantitatively the various groups. 
‘nor | /n addition, the close conformity of the titration curves to contours con- 
se of | sistent with simple mass law considerations suggests that the ionic species 
+20 | present in the solvent at the different points in the titration are such as 
ond- | this law predicts. Hence, although the “pH” numbers are recognized as 
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arbitrary, they would appear to provide information about the events dur- 
ing titration. The presumed charge types for a number of lipides as a func- 
tion of “pH” as measured by the glass electrode are summarized in Fig. 4, 
No assumptions are made concerning association with anions or cations 
or solvent molecules. 














TaBLeE IT 
Quantitative Data from Titrations in 2-Ethoxyethanol Solvent System* 
| 
| Acid-dissociable groups Base-dissociable groups 
Material titrated cy 
| “DK’,""t “DK’a”’t 
neg. peg. neq. 


| 
(A) Dipalmitoyl-L-a-glye- | 














erophosphoric acid. ..... 0.89 |0.88 + 0.01/4.1 + 0.1 |0.94 + 0.0 |10.0 + 0.1 
(B) B-Glycerophosphoric | 

O Bel Ra en See 1.00 |1.03 + 0.01/4.0 + 0.1 |0.99 + 0.04) 9.2 + 0.1 
(C) pu-Serine............| 0.91 |0.89 + 0.04)3.8 + 0.1 |(0.97 + 0.02) 9.8 + 0.1 
(D) Phosphatidylserine. ..| 0.76 |0.79 + 0.01/4.6 + 0.00)0.86 + 0.03)10.3 + 0.1 
(Z) Ethanolamine§........| 0.90 ; 0.91 + 0.01) 8.1 + 0.0 
(F) t-a-Dimyristoyleeph- | 

ee ee 0.23 0.41 + 0.01) 9.14 0.1 
(G) t-a-Dimyristoylceph- 

SS Tere se 0.15 0.01) 9.1 + 0.2 








* All titrations were carried out at least in duplicate. The mean values are fol- 
lowed by the maximal deviation from the mean. 

+ All values were obtained by independent chemical analysis relating to the func- 
tional groups as follows: (A) and (B) by phosphorus determination, (C) by total 
nitrogen determination, (D) carboxyl group by COOH-N determination and a-amino 
nitrogen group by total NH.-N determination, (FZ), (fF), and (@) by total NH.-N 
determination. 

t “pK’.”’ refers to the apparent pK’, obtained in the 2-ethoxyethanol solvent 
system in which the glass electrode and saturated calomel half cell reference elec- 
trode are employed. 

§ Stirred at apparent pH (‘‘pH’’) 1.8 for 1 hour. 

|| Initial titration with HCl immediately followed with KOH. 

§ Stirred for 1 hour at apparent pH (‘‘pH’’) 3.5 before titration with KOH. 


The direction and magnitude of the acid dissociation constant changes 





in the 2-ethoxyethanol solvent system as measured with the glass electrode 


are quite similar to what would have been expected if the hydrogen elec- | 
| serine. 
| Value | 


trode had been employed. This is apparent when the values reported here 
are compared with those for the same compounds in alcohol (34-36). This 
conformity applies to carboxyl, amino, and a-amino groups, 

The correlation, noted in Equation 2, for the half titration points of the 
carboxyl groups of the compounds soluble in both water and the 2-ethoxy- 
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r- ethanol solvent system is quite striking, but its theoretical significance is 
c- obscure. It does, however, provide an empirical index to the behavior in 
4, water solution of carboxyl groups attached to moieties rendering the mole- 


ns cule so water-insoluble as to make direct measurement impossible. The 
conclusion that the long chain, saturated fatty acids have acid dissociation 
constants (water) only slightly smaller than those of the shorter members 
of the series agrees with the data of Noerland (quoted by Schmidt-Nielsen 
(37)) who found little difference in the ““pK’,” values of fatty acids con- 
taining 6 to 16 carbon atoms titrated in 95 per cent ethanol. 
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[,-N Fig. 4. The apparent pK’ and presumed ionic charge types of some lipides when 
dissolved in the 2-ethoxyethanol solvent system. The dark lines represent the 
is apparent pK’, and the cross-hatched areas the zone of 80 per cent transition of 
elec- 


species. 


The application of the correlation noted in Equation 2 to the carboxyl 
group of phosphatidylserine seems of interest, especially when it is noted 
that the non-aqueous titration curves of pL-serine and phosphatidylserine 
nges | are very similar in contour. The phosphatide curve is displaced by less 
rode | than 1 “pH” unit to higher values. On employing Equation 2, an es- 
elec- | timate of pK,?° = 2.8 is obtained for the carboxyl group of phosphatidyl- 
here | serine. If a similar calculation is made from the “pK’,” of pi-serine, a 
This | value of pK,?° = 2.4 is obtained for the carboxyl group of serine. The 
measured value for the latter is 2.2 (28). Assuming that the transfer to 
f the | aqueous solution would affect the dissociation of the a-amino group of the 
ioxy- | phosphatidylserine to the same degree as a similar transfer does for DL- 
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serine, a value of pK,”* = 9.7 (water) is obtained for the a-amino group of 
phosphatidylserine. Folch (9) has found that 1 mole of monovalent cation 
is associated with each mole of phosphatidylserine as isolated from ox brain, 
The titration curve shown in Fig. 3, Curve B is consistent with this and 
suggests that, in this solvent system at ‘“pH’’ 7.0, the molecule exists with 
both the diester phosphoric acid group and the carboxyl group in the 
anionic form, while the a-amino function exists as a positive group of unit 
charge. No inferences can be made from these data regarding the ionic 
form in the dry state. In assigning ionic species to phosphatide molecules, 
it is important to specify the physical state to which the formulae are to 
apply. 

It can be calculated from the data in Table II that for the L-a-dimyristoyl- 
cephalin the ratio of microequivalents determined by titration to micro- 
equivalents determined as NH2-N was lowered from 1.75 to 1.36 by stirring 
for 1 hour at acid “pH.” The cause of this effect is unknown. However, 
as the “pK’,”’ was unaffected by 1 hour of stirring, the amount of carbon 
dioxide (or other possible contaminant) does not appear to affect the half 
titration point. The estimated “pK’,” of 9.1 is close to the value of 8.9 
obtained by Jukes (2) in 98 per cent ethanol. The pK,” is calculated to 
be in the direction of a higher value, judging from the behavior of ethanol- 
amine. The amount by which it is higher may be approximated from that 
measured for ethanolamine, namely 1.3 pH units, or pK,”° = 10.4 (in water). 
These conclusions are consistent with a zwitter ion configuration for phos- 
phatidylethanolamine in the 2-ethoxyethanol solvent system in the range 
from “pH” 2 to 7. In aqueous medium one would predict the zwitter ion 
range to be shifted to a somewhat higher pH number at least for the upper 
end of the range. Again no inferences concerning the ionic form of the 
solid state appear warranted from these data. 

The titration curve of the synthetic dipalmitoyl-L-a-glycerophosphoric 
acid clearly indicates that before titration it was present in solution as the 
dibasic acid. The titration curve of the 6-glycerophosphoric acid in the 
2-ethoxyethanol solvent was similar to that for the phosphatidic acid, ex- 
cept that the 6-glycerophosphoric acid had a somewhat more acid second 
dissociable group (Table II). This suggests that in aqueous media the 
phosphatidic acid would dissociate very much like the glycerophosphoric 
acid. The titration curve of the egg lecithin preparation is in agreement 


with previous studies (2-4), indicating a zwitter ion in the neutral range | 
both in alcoholic solvents and in water. The very basic character of the | 


quaternary nitrogen is well shown. 


SUMMARY 





SF 88 BF 
A 


1. An electrometric titration method has been developed in which a sol- | 


vent system consisting of 99 per cent (volume per volume) 2-ethoxyethanol, | 
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1 per cent water, and 0.001 mM KCl is used. The method has been used to 
titrate a variety of phosphatides and related compounds in amounts of 
about 1 yeq. 


2. The properties of the titration curves were such as to permit assign- 


ment of ionic species present in solution for each of the materials over a 
wide range of apparent pH. 

3. Approximations to the behavior of dissociable groups of the phos- 
phatides in true water solution have been made by analogy with compounds 
having similar functional groups but which are soluble both in the 2-eth- 
oxyethanol solvent system and in water. 


We wish to express our gratitude to Professor A. B. Hastings for his in- 
terest and advice and to Professor John Edsall for valuable criticism of the 
manuscript. 
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ENZYMATIC MECHANISM OF OXIDATION OF TARTRATE* 


By ERNEST KUN 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, October 7, 1955) 


Mitochondria of all animal tissues, so far investigated, contain an en- 
zyme system which catalyzes the oxidation of meso- and (—)-tartrate. 
Certain properties of this enzyme system, such as its extraction and 
coenzyme requirements as well as the isolation of oxidation products of 
tartrate, were described in a previous publication (1). The reconstruction 
of Reactions! 1 to 3 was based on the chemical identification and rates of 


(1) Tartrate + DPN*+ + Mgt = DIHF (oxaloglycolate @ 


dihydroxyfumarate) + DPNH + H+ 
(2) DIHF + DPN?+ = diketosuccinate + DPNH + Ht 


CO: + hydroxypyruvate 


(3) 2DIHF + Mg*+ 


2 glyoxylate 


formation of these compounds. A more detailed knowledge of the individ- 
ual steps of the sequence of reactions is a prerequisite of further work which 
may lead to the isolation of the enzyme components of this system. This 
paper deals with experiments which were designed to fulfil this requirement. 


Methods 


An aqueous solution of the enzyme system, prepared from acetone pow- 
der of beef heart mitochondria (1), was used throughout these experiments. 
The preparation of keto acids, their isolation as 2 ,4-dinitrophenylhydrazine 
derivatives, and their separation by means of paper chromatography have 


* This investigation was supported in part by a research grant (H-2163) from the 
National Heart Institute of the National Institutes of Health, Public Health Service, 
and in part by a grant from the Life Insurance Medical Research Fund (No. G-55-58). 

1 An equilibrium mixture of oxaloglycolate and dihydroxyfumarate is abbreviated 
inthis paper as DIHF. It was previously suggested (1) that the first product of the 
enzymatic dehydrogenation of tartrate is the keto acid oxaloglycolate which rapidly 
attains equilibrium with its more stable dienol form, i.e. dihydroxyfumarate. The 
keto-enol equilibrium constant of this acid in aqueous solution is unknown. DPN 


_ and DPNH, oxidized and reduced diphosphopyridine nucleotide, respectively; 
EDTA, ethylenediaminetetraacetate; A, absorbancy. 
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been described in a previous publication (1). Cytochrome c, DNP (90 
per cent pure), DPNH, and triphosphopyridine nucleotide were obtained 
from the Sigma Chemical Company. All spectrophotometric measure- 
ments were carried out with the Beckman DU instrument, with 1 cm, 
quartz cuvettes of 1.4 ml. volume. 


Results 


Oxidation of Tartrate—The enzymatic reduction of DPN by tartrate (Re- 
action 1) was measured in 0.1 m tris(hydroxymethyl)aminomethane buffer, 
pH 8.3. In agreement with previous results, obtained by manometric 
measurements (1), the addition of Mg*t* increased the rate of DPN reduce- 
tion (Fig. 1), although the initial rates were unaffected. Under identical 
conditions meso-tartrate was more rapidly oxidized than (—)-tartrate 
(Fig. 2). 

The nature of the O2-consuming reaction which occurs during the aerobic 
oxidation of tartrate was studied in detail. A comparison of DPNH for- 
mation with O2 absorption suggested that the reoxidation of DPNH (either 
by the DPNH-oxidizing system of intact mitochondria or by the non-en- 
zymatic oxidation by phenazine methonium sulfate) could account only in 
part for the amount of O2 consumed. It was, therefore, concluded that 
the further oxidation of DIHF must contribute to O2 consumption. 

As shown in Fig. 3, cytochrome c is rapidly reduced during tartrate 
oxidation. The enzyme preparation used in this work contained only small 
amounts of DPNH cytochrome c reductase activity; therefore, the reduc- 
tion of cytochrome c, which occurred during the enzymatic oxidation of 
tartrate, was due at least to the extent of 70 per cent to a reaction between 
DIHF and cytochrome c. It was found that DIHF similar to ascorbate 
directly reduces cytochrome c at pH 8.3 in the absence of an enzyme. This 
reduction is inhibited by EDTA. Certain dyes, such as 2,6-dichloro- 
phenolindophenol, can also react non-enzymatically with DIHF. The re- 
duced form of this dye is reoxidized by O2 only very slowly, while the re- 
action between reduced phenazine methonium sulfate and O2is rapid. This 
property of phenazine methonium sulfate explains its réle as a carrier in 
the aerobic oxidation of tartrate. In the course of the non-enzymatic aer- 
obic oxidation of DIHF by a suitable dye, H2O2 is formed. Since H,0; 
could conceivably decompose some products of the enzymatic oxidation of 
tartrate, this possibility was also investigated. With 2,6-dichlorophenol- 
indophenol or phenazine methonium sulfate as an electron acceptor, the 
addition of crystalline catalase to a tartrate-oxidizing enzyme reaction mix- 


ture caused only a small diminution of hydroxypyruvate formation, sug-| 


gesting that the decarboxylation of DIHF was but slightly increased by 
H:0:. This effect, however, was negligible in experiments of short duration 
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(10 to 20 minutes). Under the experimental conditions used, catalase was 
not inhibited by the dyes. 

Reduction of DIHF—It was reported (1) that DIHF is enzymatically 
reduced to tartrate when DPNH is present. As shown in Fig. 4, DPNH 
is rapidly oxidized by DIHF when a small amount of an extract of beef 
heart mitochondria is added (Reaction 1). A study of the conditions of 
this reaction led to the understanding of the rdle of Mg** in the oxidation 
of tartrate. The following observations were made. A solution of DIHF 
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Fig. 1. The effect of Mg** on the enzymatic reduction of DPN by meso-tartrate 
(1.8 mg. of protein). The enzymatic reduction of DPN is measured in 0.1 m tris (hy- 
droxymethyl)aminomethane buffer, pH 8.3, containing 1 mg. of DPN per ml. The 
total volume of reactants (including the soluble enzyme and 5 uwmoles of Mg**) is 1.4 
ml. The amount of substrate is 10 umoles. 


Fig. 2. Enzymatic reduction of DPN by tartrate in the presence of Mg** (0.45 mg. 
of protein). The conditions are the same as those in Fig. 1. 


exhibits a strong absorption band at 290 muy, characteristic of its dienol 
structure (determined in a range pH 4.5 to 7.0). When Mg? is added to 
this solution, the absorbance at 290 my diminishes at a linear rate (ap- 
proximately equivalent to 1 to 2 wmoles of dienol disappearance per hour) 
at room temperature. Analyses of the DIHF solution (as the 2 ,4-dinitro- 
phenylhydrazone of the keto form of this acid, 7.e. as oxaloglycolate) after 
several hours of incubation with Mg++ revealed that the oxaloglycolate 
content had diminished and, among other products, hydroxypyruvate had 
appeared. It was found that EDTA inhibits this decarboxylation cata- 
lyzed by metal ion. When Mg?t+ is added toa solution of DIHF + EDTA, 
avery slow diminution of the absorbance at 290 my occurs. However, 
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the oxaloglycolate content of the solution remains unchanged under these 
conditions, as measured by keto acid analyses (1) of samples taken at 1 
minute intervals for 10 minutes. As shown in Fig. 4, preincubation of 
DIHF with EDTA-Mg?** results in an increase in the enzymatic reoxida- 
tion of DPNH. 

Oxidation of DIHF—The oxidation product of DIHF is diketosuccinate, 
This keto acid was isolated as the 2,4-dinitrophenylosazone when the en- 
zymatic oxidation of tartrate was allowed to proceed for a short time (10 
to 20 minutes). Diketosuccinate is very unstable and is rapidly decom- 
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Fig. 3. Reduction of cytochrome c during tartrate oxidation (pH 8.3, 0.45 mg. of 
enzyme protein). The reaction mixture contains the same constituents as described 
in the legend of Fig. 1 and, in addition, 1.2 mg. of cytochrome c. 

Fig. 4. Enzymatic oxidation of DPNH by dihydroxyfumarate (pH 6.8). The 
enzymatic oxidation of DPNH (20 y) is measured in 0.5 m phosphate buffer, pH 6.8, 
containing 4 mg. of DIHF per 5 ml. Preincubation with 5 wmoles of Mg** for 3 
minutes. The reaction is started by addition of the enzyme (0.01 ml.). No re- 
action occurs without substrates. The final volume is 1.4 ml. 


posed in aqueous solution to tartronate at room temperature. EDTA slows 
down this decomposition. A solution of diketosuccinate + EDTA (in 0.5 
M phosphate buffer, pH 6.8) is stable for 30 to 45 minutes if kept in an ice 
bath. 

An aqueous extract of acetone powder of beef heart mitochondria does 
not oxidize DIHF to diketosuccinate in the presence of Oo. Similarly, the 
enzymatic reduction of DPN to DPNH could not be directly demonstrated 
with DIHF as substrate in a range from pH 7.5 to 9.0. The use of phena- 
zine methonium sulfate or 2 ,6-dichlorophenolindophenol as an electron ac- 
ceptor is complicated by the fact that these dyes oxidize DIHF non-enzy- 
matically (see above). However, the DPN-linked enzymatic oxidation of 
DIHF (Reaction 2) can be demonstrated if correction is made for the non- 
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enzymatic reaction between the dye and DIHF. A solution of DIHF (4 
mg. dissolved in 5 ml. of 0.1 m tris(hydroxymethyl)aminomethane buffer, 
pH 8.3) reduces 2,6-dichlorophenolindophenol at a rate of 34 y per 10 
minutes at room temperature. This rate is not changed when the enzyme 
preparation (2 mg. of protein) is added; however, the addition of DPN + 
enzyme increases the rate of dye reduction to 42 y per 10 minutes. Under 
given conditions DPN does not react with DIHF non-enzymatically, nor 
does DPNH with 2,6-dichlorophenolindophenol. This observation indi- 
cates that a DPN-linked enzymatic oxidation of DIHF can be shown only 
when one of the products, 7.e. DPNH, is instantly reoxidized by another 
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40 
SECONDS 
Fic. 5. Enzymatic oxidation of DPNH by diketosuccinate and oxalacetate (pH 
6.8). The enzymatic oxidation of DPNH (20 y) is measured in 0.5 m phosphate buffer, 
pH 6.8, containing 4 mg. of diketosuccinate or oxalacetate + 4 mg. of EDTA per 5 ml. 
of buffer. The conditions are the same as those in Fig. 4. 


enzyme system (in this case diaphorase, present in the extract of mito- 
chondria, which catalyzes the oxidation of DPNH by 2 ,6-dichlorophenol- 
indophenol). This is in contrast to the enzymatic oxidation of tartrate by 
DPN which can be directly measured spectrophotometrically by the ap- 
pearance of DPNH (see Figs. 1 and 2). 

Triphenyltetrazolium chloride, a dye previously used for the determina- 
tion of succinic dehydrogenase (2), does not react non-enzymatically with 
DIHF. However, this dye was not suitable for the demonstration of the 
DPN-linked enzymatic oxidation of DIHF. It should be mentioned that 
when triphenyltetrazolium chloride was used as an electron acceptor for 
the enzymatic oxidation of tartrate (in the presence of DPN under ana- 
erobic conditions) the only products of the oxidation of tartrate were oxalo- 
glycolate and glyoxylate. This reaction was increased by Mgt+. 
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Reduction of Diketosuccinate—Diketosuccinate does not oxidize DPNH 
non-enzymatically, but a rapid reaction occurs when a small amount of 
enzyme is added (Reaction 2). The product of the enzymatic reduction of 
diketosuecinate by DPNH is DIHF, which was identified by chromatog. 
raphy. The reduction of diketosuccinate under these conditions proceeds 
by way of DIHF partly to tartrate. As shown in Fig. 5, the enzyme prep- 
aration reduces both diketosuccinate and oxalacetate rapidly. 

Other Reactions of DIHF (Reaction 3)—Hydroxypyruvate was found to 
be the product of an Mgt+-catalyzed non-enzymatic decarboxylation. This 
decarboxylation of the keto acid oxaloglycolate,' similar to that of oxal- 
acetate as found by Krebs (3), proceeds very likely by the same mechanism 
described by Steinberger and Westheimer (4). 

The rate of glyoxylate formation during the enzymatic oxidation of tar- 
trate indicated that its precursor was the keto form of dihydroxyfumarate, 
7.e. oxaloglycolate (1). Incubation of DIHF with the enzyme preparation 
resulted in glyoxylate formation only when Mgt+ + EDTA were added. 
The conversion of DIHF to glyoxylate occurred even in the absence of en- 
zyme, provided Mg++ + EDTA were present. Since the rate of produc- 
tion of glyoxylate from DIHF, catalyzed by Mg** + EDTA, was not 
increased upon the addition of the enzyme preparation, it was concluded 
that glyoxylate is formed non-enzymatically under these experimental con- 
ditions. A probable mechanism of this reaction will be discussed later. 


DISCUSSION 


Mitochondrial preparations catalyze the following two reactions: (a) the 
reaction of tartrate and DPN to oxaloglycolate (the keto form of dihy- 
droxyfumaric acid) + DPNH, and (b) the oxidation of oxaloglycolate by 


DPN to diketosuccinate + DPNH. However, this second reaction can be |, 


shown only when DPNH is instantly reoxidized (e.g. by diaphorase + 2,- 
6-dichlorophenolindophenol). In the soluble enzyme system the demon- 
stration of Reaction b is complicated by the fact that artificial electron ac- 
ceptors such as phenazine methonium sulfate, cytochrome c, or 2 ,6-dichloro- 
phenolindophenol oxidize DIHF non-enzymatically to diketosuccinate. In 
such a system DPNH produced in Reaction a reacts enzymatically with 
diketosuccinate to yield DIHF. This explains the accumulation of DIHF 
during the oxidation of tartrate. In intact mitochondria, in which an ef- 
ficient DPNH cytochrome c-cytochrome oxidase system operates, the DPN- 
linked enzymatic oxidation of oxaloglycolate to diketosuccinate may easily 
occur. Further, oxaloglycolate can undergo either decarboxylation, cata- 
lyzed by Mgt* alone, or cleavage to glyoxylate, a reaction which occurs 
non-enzymatically in the presence of Mg++ + EDTA. Diketosuccinate is 
rapidly decomposed by traces of metalions. The activating effect of Mg** 
on the enzymatic oxidation of tartrate can be explained by the non-en- 
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zymatic removal of oxidation products. However, the fact that the re- 
verse reaction, 7.e. the reduction of DIHF to tartrate, is equally activated 
by Mg** (in the presence of EDTA) points to a different réle of Mgt*. 
There is reason to believe that, in the presence of Mg++ + EDTA, the 
dienol, which is preponderant in aqueous solutions (5), is more readily con- 
verted to the presumably reactive keto form (i.e. oxaloglycolate). This 
keto acid is then enzymatically reduced by DPNH. Besides the enzymatic 
evidence, the reactivity of DIHF with 2 ,4-dinitrophenylhydrazine can also 
be used as a proof in favor of this explanation. DIHF reacts only slowly 
with this carbonyl reagent and in dilute solutions it takes 10 to 12 hours 
(at 4°) before the crystalline derivative appears. Preincubation of DIHF 
with Mg++ + EDTA greatly accelerates the formation of the 2 ,4-dinitro- 
phenylhydrazone which crystallizes in 10 to 20 minutes. 

It is possible that Mg++ may form an additional complex with the sub- 
strate (four out of six coordination valences of Mg++ are occupied by 
EDTA while the remaining two participate in the complex with the car- 
boxylic acid). Pedersen proposed a somewhat similar mechanism of the 
(u*+-catalyzed bromination of acetoacetic ester (6). According to this 
author, the Cut++ complex of the enolate ion of ethyl acetoacetate plays an 
essential réle in the bimolecular transfer of H+ to a base. 

Stafford, Magaldi, and Vennesland (7) reported that plant extracts con- 
tain enzymes which oxidize DPNH by DIHF and diketosuccinate. These 
reactions appear to be analogous to the ones catalyzed by the enzyme sys- 
tem of animal mitochondria. Preliminary experiments with mitochondria 
of lupine seedlings indicated that they also contain a tartaric acid oxidase 
which attacks (—)- and meso-tartrate. As pointed out by Stafford et al. 
(7) plants contain a DIHF oxidase, previously described by Banga and 


Philippot (8). Further work is required to clarify the nature of this plant 
enzyme. 


SUMMARY 


1, A soluble enzyme system, prepared from beef heart mitochondria, re- 
luees DPN at pH 8.3 when (—)- or meso-tartrate is added as substrate. 
Mg** activates this reaction. meso-Tartrate is oxidized more rapidly than 
‘-)-tartrate. The oxidation product appears to be oxaloglycolate which 
sin equilibrium with its more stable dienol form, i.e. dihydroxyfumarate. 

2. Dihydroxyfumarate (in equilibrium with oxaloglycolate) is enzymat- 
ally reduced to tartrate by DPNH in phosphate buffer of pH 6.8 with 
EDTA present. The rate of reaction is doubled when Mg?+ is also added. 

3. An equilibrium mixture of dihydroxyfumarate and oxaloglycolate is 
widized non-enzymatically to diketosuccinate by cytochrome c, phenazine 
nethonium sulfate, or 2 ,6-dichlorophenolindophenol. 

4, The enzymatic oxidation of an equilibrium mixture of dihydroxyfuma- 
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rate and oxaloglycolate by DPN to diketosuccinate can be demonstrated 
only when the reaction is coupled to a DPNH-oxidizing enzyme system 
(diaphorase). 
5. Diketosuccinate is enzymatically reduced to oxaloglycolate by DPNH, 
6. Mgt* catalyzes the decarboxylation of oxaloglycolate to hydroxy. 
pyruvate, while Mg++ + EDTA catalyze the cleavage to glyoxylate. 


It is a pleasure to acknowledge the contribution of Dr. D. D. Davies 
whose suggestions greatly added to the development of these experiments, 
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REVERSAL OF RESPIRATORY DECLINE IN NECROTIC 
LIVER DEGENERATION BY INTRAPORTAL 
TOCOPHEROLS 
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KLAUS SCHWARZ 


WITH THE TECHNICAL ASSISTANCE OF JANET G. MOE 


(From the Laboratory of Biochemistry and Nutrition, National Institute of Arthritis and 
Metabolic Diseases, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, November 7, 1955) 


Necrotic liver degeneration is produced in rats by diets deficient in vita- 
min E, cystine, and Factor 3 (1). During the latent phase of the disease, 
several weeks before the onset of acute hepatic necrosis, a defect in oxidative 
metabolism has been demonstrated in livers of animals on such diets. Oxy- 
gen consumption of histologically unaffected liver slices breaks down after 
a brief initial period of normal respiration (2). This decline of O2 uptake 
is associated with an impaired utilization of acetate-C™ for lipogenesis, 
ketogenesis, and CO, formation (3). The agents preventing hepatic ne- 
crosis, vitamin E, cystine, or Factor 3, also forestall the respiratory lesion 
effectively when supplemented to the diet. 

The addition in vitro of a-tocopherol to liver slices from deficient rats, 
either as an emulsion or in water-soluble form, has no significant effect on 
the metabolic lesion. However, preliminary studies showed that injection 
of emulsions of dl-a-tocopherol into the portal vein caused the almost im- 
mediate disappearance of the defect (4). The present report describes 
this phenomenon; the relative potencies of several forms of a-tocopherol 
and of the other tocopherols (8-, y-, and 6-) are compared. Both a- and 
y-tocopherol were found to be quite potent in their ability to reverse the 
metabolic lesion upon intraportal injection; 8- and 5-tocopherol were much 
less so. 


EXPERIMENTAL 


Male, weanling Sprague-Dawley rats of the National Institutes of Health 
strain, 18 to 22 days old, were fed a basal vitamin E-free diet? containing 
Torula yeast as the sole source of protein for periods of 24 to 59 days (body 
weight 60 to 120 gm.). The average survival time of rats of this strain 


* Present address, Department of Medicine, University of Pittsburgh, Pittsburgh, 


) Pennsylvania. 


‘Unpublished experiments. 
* The basal diet contained 30 per cent J'orula yeast, 59 per cent sucrose, 5 per cent 
vitamin E-free lard, 5 per cent salts, and 1 per cent vitamin mixture (2, 5). 
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fed this diet is about 45 days under the experimental conditions employed 
here (5). 

Anesthesia was induced by intravenous or intraperitoneal injection of 
sodium pentobarbital (2.5 mg. per 100 gm. of body weight). The abdomen 
of the animal was opened, and a small lobe of liver removed for the prepara- 
tion of preinjection control slices. 0.2 to0.5 ml. of emulsion at body tem- 
perature was injected directly into the portal vein and the abdomen closed, 
After 30 minutes the animal was sacrificed by decapitation, the liver ex- 
amined for evidence of necrotic degeneration, and postinjection slices pre- 
pared. Each animal thus served as its own control. 

The areas taken for slices were free of necrosis (2). Slices were prepared 
free-hand, blotted free of excess moisture, and weighed. Duplicate sam- 
ples of approximately 100 mg. were incubated in Warburg vessels contain- 
ing 3 ml. of oxygenated Krebs-Ringer-phosphate buffer (pH 7.4) with 0.01 
M glucose (6). Bath temperature was maintained at 37.5° and readings 
were made at 10 to 20 minute intervals for 2 to 3 hours. Oxygen consump- 
tion was calculated in terms of microliters of oxygen consumed per 100 mg. 
of fresh weight of slices per hour of incubation (Qo, (F 100)). 

Preparation of Tocopherol Solutions—A water-soluble preparation of 
d-a-tocopherol, designated as d-a-tocopheryl polyethylene glycol-1000 
succinate, containing approximately 30 per cent, by weight, of a-tocopherol, 
was made up in 0.9 per cent NaCl. The free a-tocopherol employed was 
either the synthetic, racemic material,’ or d-a-tocopherol of natural origin. 
The other tocopherols were the free, natural alcohols. The highly viscid 
oils were diluted with olive oil, which contains negligible amounts of vitamin 
E (7). 0.5 ml. of olive oil, 100 mg. of glycerol monostearate, and 9.5 ml. 
of 5 per cent glucose were warmed and homogenized in a tube with a tight 
fitting Teflon pestle. The mixtures were homogenized before each injec- 
tion. 


Results 


The intraportal administration of emulsions of olive oil, glycerol mono- 


norm: 
tion s 


«Tocop! 
inject 


stearate, and glucose, but without tocopherol, did not affect the respiratory |} —— 


decline (Table I). Addition to the emulsion of small amounts of a- or 7- 
tocopherol, or of larger amounts of 8- or 6-tocopherol, resulted in sustained 
maintenance of oxygen uptake by the liver slices for 2 hours or longer. The 
presence of necrotic areas in the liver did not preclude the response to in- 
jected tocopherol by the slices, prepared from grossly and histologically 


3 The racemic a-tocopherol was purchased from Merck and Company, Rahway, 
New Jersey. 

4 The naturally occurring tocopherols were purchased from Distillation Products, 
Inc., Rochester, New York. We are indebted to Dr. P. L. Harris for the d-a-to- 
cophery] polyethylene glycol-1000 succinate. 
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The rate of initial respiration of the postinjec- 
tion slices was, in general, not significantly greater than that of the preinjec- 

































































TABLE I 
Effect of Intraportal a-Tocopherol on Respiratory Decline of Liver Slices 
Qo, (F 100)*t 
«Tocopherol ae. 9 pate 
injected, |{No. of rats hepatic Preinjection control 30 min. postinjection 
pa necrosis 
0-30 min. 90-120 min. 0-30 min. 90-120 min. 
(1) (2) (3) | (4) (5) (6) (7) 
Olive oil emulsion{ 
0 | 6 | 4 | 251 + 46 | 71450 | 225468 | 79 + 65 
dl-«-Tocopherol emulsion 
<0.05 8 7 224 + 24 83 + 32 239 + 38 119 + 55 
0.1 12 7 225 + 49 62 + 48 248 + 40 151 + 63§ 
0.2 25 17 217 + 38 66 + 27 226 + 51 145 + 54§ 
0.4 3 2 261 + 19 105 + 29 310 + 49 261 + 29§ 
0.8 4 3 254 + 40 94 + 52 284 + 20 258 + 37§ 
>1.0 4 3 205 + 11 70 + 30 246 + 61 226 + 69§ 
d-a-Tocopherol emulsion 
0.1 5 1 236 + 30 110 + 55 285 + 25 180 + 35 
0.2 10 2 244 + 64 111 + 55 290 + 45 226 + 63§ 
0.4 4 0 242 + 59 68 + 22 325 + 49 267 + 51§ 
d-a-Tocopherol polyethylene glycol-1000 succinate 
0.05 3 2 269 + 56 36 + 20 251 + 39 113 + 28§ 
0.1 8 3 232 + 52 129 + 67 252 + 31 218 + 38§ 
0.2 8 3 223 + 38 100 + 48 264 + 39 213 + 51§ 





for first and fourth 30 minute incubation 
t Mean and standard deviation. 


nl. of emulsions injected intraportally. 


tion control preparations. 


periods. 


*O. (c.mm.) consumed per hour per 100 mg. of fresh weight of slices, calculated 


t The emulsions contained 9.5 ml. of 5 per cent glucose, 100 mg. of glycerol mono- 
stearate, and 0.5 ml. of olive oil; tocopherols were dissolved in olive oil. 


0.2 to 0.5 


§ The differences between the values in Columns 5 and 7 are significant; p <0.02. 


When an apparent increase in the initial 30 


ninute respiration of postinjection slices was noted, it was usually found 
that the oxygen consumption of the preinjection control slices had declined 
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appreciably even within this brief period. There was no evidence of 
direct stimulation of respiration by the tocopherols. 

dl-a-Tocopherol—In Table I the oxygen consumption of liver slices from 
rats on the basal diet is compared with that of slices from these same ani- 
mals 30 minutes after the intraportal injection of dl-a-tocopherol emul- 
sions. 56 rats received such emulsions; thirty-nine of the rats were found 
to have areas of hepatic necrosis. The liver appeared to be normal in the 
others. About 0.1 mg. of dl-a-tocopherol evidently altered the Oz uptake 
of postinjection slices. The decline in respiration during the 2nd hour was 
partially prevented, as indicated by the differences between the values for 
the pre- and postinjection 90 to 120 minute intervals. However, doses of 
more than 0.4 mg. were necessary to maintain for 2 hours the respiration 
of postinjection slices at about their initial (30 minute) rate. Above this 
level, no significant differences existed between the postinjection values for 
0 to 30 minutes, and 90 to 120 minutes of incubation. 

d-a-Tocopherol—The data obtained with d-a-tocopherol prepared as an 
emulsion for intraportal injection compare well with those reported for the 
racemic mixture. A highly significant difference in the respiration of pre- 
and postinjection slices was observed 90 to 120 minutes after injection of 
0.2 mg. of the d-a-tocopherol emulsion (p <0.01). Whether the d form 
is more active than the dl-a-tocopherol cannot be concluded from these 
data. 

Water-Soluble d-a-Tocopheryl Polyethylene Glycol-1000 Succinate—This 
substance was administered to nineteen animals in doses of from 0.05 to 
0.2 mg. Eight of these rats displayed gross evidence of hepatic necrosis, 
while the liver appeared normal in the others. The results are summarized 
in Table I. As little as 0.05 mg. of a-tocopherol in this form significantly 
affected the respiratory decline of slices from deficient rats, and 0.1 mg. 
maintained the oxygen uptake at approximately the initial 30 minute rate 
for the 2 hour incubation period.® 

d-8-Tocopherol—Fifteen rats were injected with 0.2 to 1.0 mg. of d-6- 
tocopherol in an emulsion (Table II). Twelve of the animals had gross 
liver damage. Administration via portal vein of less than 0.5 mg. did not 
affect the respiratory decline of liver slices. As much as 1.0 mg., while! 
maintaining the oxygen consumption for somewhat longer periods, did not 
prevent marked decline in the rate of O2 consumption; in six of the nine 
instances, the value during the 90 to 120 minute period was less than 80 
per cent of the initial 30 minute Qo, (F 100). 

d-y-Tocopherol—In Table II are recorded the results obtained with thirty | 





5 When added directly to the Warburg medium, as much as 0.7 mg. of a-tocophero! 
in the water-soluble form did not prevent the decline in respiration of liver slices fron 
deficient rats. 
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rats injected intraportally with 0.1 to 3.2 mg. of d-y-tocopherol in an emul- 
sion. Eighteen of the rats showed gross necrotic degeneration at the time 
of the experiment. 0.2 mg. protected against respiratory decline of the 
liver slices and 0.8 mg. maintained respiration of postinjection liver slices 
approximately at their initial respiratory level for the full 2 hour incubation. 









































Taste II 
Effect of Intraportal B-, y-, and 5-Tocopherols on Respiratory Decline of Liver Slices* 
Qo, (F 100) 
Tocopherol ee i cute 
injected, |No. of rats hepatic Preinjection control | 30 min. postinjection 
mg. necrosis 
0-30 min. 90-120 min. | 0-30 min. 90-120 min. 
(1) (2) (3) (4) (5) (6) (7) 
B-Tocopherol 
0.2 2 2 281 + 35 88 + 54 237 + 54 91 + 75 
0.5 4 3 269 + 18 70 + 44 300 + 70 204 + 84t 
1.0 9 7 252 + 30 68 + 42 252 + 67 181 + 74f 
y-Tocopherol 
0.1 6 5 240 + 65 70 + 39 276 + 42 110 + 65 
0.2 6 3 238 + 29 69 + 63 322 + 31 246 + 41f 
0.4 6 2 238 + 28 57 + 31 261 + 21 198 + 38f 
0.8 4 4 288 + 57 162 + 92 352 + 56 316 + 397 
1.6 4 1 280 + 55 92 + 61 296 + 55 260 + 37T 
3.2 4 3 240 + 56 70 + 34 224 + 35 198 + 28f 
5-Tocopherol 
0.2-1.0 9 3 253 + 43 87 + 58 282 + 57 133 + 74 
2.0 8 5 274 + 25 63 + 37 279 + 30 245 + 87t 




















* For the experimental conditions, see Table I. 
+ The difference between values in Columns 5 and 7 is significant; p < 0.02. 


d-6-T ocopherol—The seventeen rats injected intraportally with an emul- 
sion of 6-tocopherol received doses of 0.2 to 2.0 mg. Eight of the animals 
had gross liver necrosis at the time of sacrifice. Injection of 1.0 mg. or 
less had virtually no effect on the decline of respiration, as compared with 
values for preinjection control slices. 2.0 mg., however, prevented the res- 
piratory decline during the 2 hour incubation period. 

Comparative Activities of Tocopherols—An evaluation of the dose-response 
curves derived from the data presented in Tables I and II is presented in 
Table III. Least square lines were fitted, connecting the per cent rever- 
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sion and the logarithm of the dose of tocopherol. The doses producing a | bas 
50 per cent reversion of the respiratory lesion were estimated from the com. | to t 
puted constants of these lines. The relative activities of the various prep- | 4l-e 
arations tested indicate that the d-a-tocopheryl polyethylene glycol-1000 | st¥2 
succinate is more than twice as active as d-a- or dl-c-tocopherol in reverting } PO! 
the respiratory decline of the preinjected control slices. The d-a-tocopherol | SUSI 
did not differ from racemic a-tocopherol. When the activity of dl-a-to- | d-0 
copherol is taken as 100, the relative activities of the other tocopherols were | Pe" 























as follows: d-y-, 83; d-8-, 36; and d-é-, 17. repr 

oral 

Tasxe III V 

Relative Activities of Various Tocopherols for 50 Per Cent Reversion of d-y- 

Respiratory Decline met 

Dose producing 50 per cent Relati oral 

reversion of respiratory activity the 

Tocopherol tested waa tenc 

Mean oaliaas Timits “wo 2 . 

mg. mg. yet 

d-a-Tocophery! polyethylene glycol-1000 succinate 0.067 | 0.049-0.092 | 277 toec 

dl-a-Tocopherol 0.190 | 0.186-0.195 | 100 phy 

d-a-Tocopherol 0.174 | 0.148-0.205 | 109 the 
d-y-Tocopherol 0.230 | 0.154-0.344 83 

d-B-Tocopherol 0.533 | 0.419-0.679 | 36 | bes 

d-5-Tocopherol 1.100 | 0.920-1.284 17 prot 

can 

anir 

DISCUSSION tion 


The development of dietary necrotic liver degeneration in the rat is pre- | mit 
vented by the feeding of physiological amounts of tocopherol (8). A daily | any 
intake of about 0.05 mg. of synthetic a-tocophery] acetate is required for 
50 per cent protection under our experimental conditions (1). Selzer et al. 
(9) noted that the weekly oral administration of 0.4 mg. of dl-a-tocophery! 1. 
acetate, but not 0.8 mg. of y- or 6-tocopherol, prevented hepatic necrosis | pira 
in 40 to 90 per cent of rats maintained on a 10 per cent food yeast, 90 per | vest 
cent corn-starch diet. When tested by the resorption-sterility method in | eryl 
the rat, the relative biopotencies of orally administered, natural a-, 8-,y-, | tate 
and 6-tocopherols are approximately 100:40:8:1 (10). Only slightly dif- | fron 
ferent ratios are obtained by other bioassay methods (11-14). ) of ir 

Knowledge of the absorption and tissue distribution of various tocopher- | Witl 
ols is far from complete, but the available evidence indicates that the 2. 
greater biopotency of oral a-tocopherol is related to a better absorption | per 
from the gastrointestinal tract (15-17). In the present study, absorption | ene 
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has been bypassed by the injection of emulsions of the free tocopherols in- 
to the portal vein. It is clearly seen that as little as 0.1 to 0.2 mg. of d- or 
dl-a-tocopherol serves to reverse the defective metabolic situation demon- 
strable in liver slices immediately before injection. The d-a-tocopheryl 
polyethylene glycol-1000 succinate, when injected intraportally as a clear 
suspension in water, was found to be more than twice as effective as 
dl-a-tocopherol. The emulsion of the free tocopherol was much less dis- 
persed, which may explain this difference in activity. Harris and Ludwig 
reported that both natural and synthetic esters of a-tocopherol, when given 
orally, are superior in potency to the respective free tocopherols (18). 

When emulsions of different tocopherols were compared in our system, 
d-y-tocopherol was almost as potent as a-tocopherol in the reversal of the 
metabolic lesion. This contrasts clearly with the observations made upon 
oral administration in other vitamin E assays (10). It tends to support 
the proposition that absorption from the intestine limits the oral biopo- 
tency of y-tocopherol (17). 8- and 6-tocopherol, on the other hand, were 
as ineffective in the intraportal test as they were orally. 

Since the site and the mode of action of vitamin E in metabolism are 
yet unknown, it is not possible to discuss the difference between various 
tocopherols in terms of biochemical specificity. In our experiments several 
physicochemical factors other than chemical specificity could contribute to 
the observed dissimilarities. A vitamin E molecule in transitu (19) may 
be subject to oxidation and other chemical influences. It is bound to blood 
proteins (20) and thus may be carried off by the blood stream, whence it 
can be taken up by body fat or by other tissues of the vitamin E-deficient 
animal. Cellular permeability may also be involved. There are indica- 
tions that, in our system, the action of tocopherol may take place in the 
mitochondria (2); the substance may have to reach this location before 
any effects become evident. 


SUMMARY 


1. The effects of intraportal injections of various tocopherols on the res- 
piratory defect of liver slices in dietary necrotic liver degeneration were in- 


| vestigated. Emulsionsof varioustocopherols and water-soluble d-a-tocoph- 
| eryl polyethylene glycol-1000 succinate, did not markedly alter the initial 
| rate of oxygen consumption, but reversed the respiratory decline, as evident 
| from the pre- and postinjection oxygen consumption after 90 to 120 minutes 


| of incubation. The degree of decline of oxygen consumption diminished 
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| with increasing doses of tocopherol. 


2. A dose of 0.19 mg. of emulsified dl-a-tocopherol was required for 50 
per cent reversion of the respiratory lesion. The d-a-tocophery] polyethyl- 
ene glycol-1000 succinate was more than twice as active. d-y-Tocopherol, 
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upon intraportal injection, was almost as active as d- or dl-a-tocopherol in 
reversing the respiratory defect. For 50 per cent reversion, the relative 
activities were d-a-, 109; d-y-, 83; d-8-, 36; and d-é-, 17; these are compared 
to dl-a-tocopherol as 100. 
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Methylated xanthines are converted in the animal organism into a mix- 
ture of xanthines and uric acids by two simultaneous processes: demethyla- 
2, 306 


tion and oxidation (1-3). However, the sequence of these two reactions 
and the exact metabolic pathways are still unknown. A quantitative 
Path. | study of the metabolism of substituted xanthines has been attempted by 
many investigators. Thus, for instance, Buchanan, Christman, and Block 
York, | (4) measured the increase, after ingestion of theophylline, in phosphotung- 
stic acid-reducing material that was not destroyed by the action of uricase. 
3). Brodie, Axelrod, and Reichenthal (5) purified the metabolites of theophyl- 
line, which are excreted in an 18 hour sample of human urine, by counter- 
current distribution and ion exchange chromatography. The procedure, 
O.,J. | although lengthy and requiring large volumes of urine, permits the identifi- 
cation and approximate estimation of the methylated uric acids, which 
appear as metabolites of theophylline. Weinfeld and Christman (6) 
0). identified the uric acids, excreted after application of caffeine or theophyl- 
line to various species, by paper chromatographic separation, but again 
took recourse to the method of Buchanan and coworkers (4) for quantita- 
tive determination. None of these procedures can be applied to the analy- 
sis of plasma, since the volume of blood required is too large. 

Paper chromatography represents the most sensitive method for quanti- 
tative separation of members of a homologous series, but requires a reliable 
test for spot detection. In the xanthine group, fluorescence in ultraviolet 
light has been used by Markham and Smith (7) and Weisman et al. (8). 
The xanthines can also be made visible by complex formation with platinum 
chloride and potassium iodide (9). Michl (10) obtained fluorescent de- 
tivatives of xanthines by treatment with chlorine. 

For uric acid and some of its alkyl derivatives spraying with an arseno- 
phosphomolybdic reagent has been used by Johnson (11). Vischer and 
Chargaff (12) located uric acid on paper by applying mercuric nitrate first, 


» York 


* Presented before the Fourteenth International Congress of Pure and Applied 
Chemistry, Zurich, Switzerland, July, 1955. 
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followed by hydrogen sulfide treatment. Reguera and Asimov (13) used 
for the same purpose the combination silver nitrate-potassium chromate, 
The reduction of ferric to ferrous ion and the formation of the red o-phe- 
nanthroline complex of the latter have enabled Bode and Hiibener (14) to 
detect 0.5 y of uric acid. We have found this method applicable to all 
methylated uric acids, which contain at least one free NH— group. How- 
ever, the background also reddens slowly and thus makes quantitative 
determination difficult. The reaction is negative with xanthines. 

We have tried the methods mentioned above, but none of them proved 
useful for all derivatives under consideration. Color intensity varies in 
most cases from one homologue to the other and thus not only would require 
individual standardization, but also would set a different limit to the quan- 
titative determination of each member of a series. The multitude of 
reagents, described in the literature, merely indicates the difficulties en- 
countered in the identification of xanthines and uric acids in chromato- 
grams. None of the color reactions can unambiguously detect quantities 
below about 20 to 50 y per sq. cm.’ It is, therefore, apparent that the 
most accurate and reliable method is ultraviolet spectrophotometry, 
whereas any colorimetric reaction may serve only for qualitative spot de- 
tection. 

The present investigation has led to a simple procedure for the quantita- 
tive separation of all components of mixtures of xanthines and uric acids, 
such as occur in plasma and urine. A new method has been found for 
spot staining, which permits easy and unambiguous determination of R, 
values. The ultimate analysis, however, is carried out with the unstained 
materials, which are extracted from the paper and measured spectrophoto- 
metrically. Only a few micrograms of each component are required; 
hence the method is suitable for metabolic studies. 


Materials and Methods 


7-Methyl- and 1,7-dimethylxanthines were obtained through the cour- 
tesy of Dr. J. J. Fox of the Sloan-Kettering Institute for Cancer Research. 
3-Methyl- and 1,3-diethylxanthines were a gift of Dr. V. Papesch of 
G. D. Searle and Company, Chicago. 1-Methyl- and 1,7-dimethyluric 
acids were kindly contributed by Professor D. Keilin, Molteno Institute, 
Cambridge, England, and 1,3,7,9-tetramethyluric acid by Professor E. 


papers (16, 17). 1-Methylxanthine is difficult to obtain in pure form (18). 


1 With special ultraviolet filters, it is possible to detect purines in quantities of 1 | 


+ per ml. or even less (15). However, the method is much less sensitive in the case 
of substituted uric acids. 
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1-Methyluric acid (25 mg.) was added to 0.4 ml. of boiling formamide. 
After } hour the suspension suddenly became clear. Boiling was continued 
for another 10 minutes; the mixture was cooled and diluted with 10 ml. 
of water. The solution is acidified with 1 ml. of 10 per cent HCl and 
passed through Amberlite IR-112-H (column length 15 cm., diameter 6 
mm.). After washing the column with 5 ml. of 1 per cent HCl, the ad- 
sorbed material was eluted with 60 ml. of 6 per cent ammonia and the 
eluate was evaporated to dryness. The residue was dissolved in 5 ml. of 
hot 1 per cent ammonia and decolorized with charcoal and the filtrate was 
again evaporated to dryness. In this way 17.5 mg. of colorless crystals were 
obtained. The purity of this preparation was checked by chromatographic 
and spectrophotometric analyses. 

The reagents used for spraying are as follows: (a) mercuric acetate, 
0.25 per cent in 95 per cent alcohol, with addition of a few drops of glacial 
acetic acid to prevent precipitation of mercuric oxide, and (b) diphenyl- 
carbazone, 0.05 per cent in 95 per cent ethanol. Whatman paper No. 1 
was used in all experiments. All solvent mixtures were prepared from 
commercial products. FR, values were determined on descending chro- 
matograms. For spot detection under ultraviolet light a Magnaflux “black 
light”? lamp was used. 


Results 
Detection of Xanthines and Uric Acids on Paper Chromatograms 


In the method of Vischer and Chargaff (12) the paper is first sprayed 
with mercuric nitrate, the excess reagents are removed by washing, and 
the spots are then made visible by blackening with hydrogen sulfide. Since 
the mercuric complexes of the methylated derivatives are soluble in acid 
media (Bergmann and Dikstein (20)), they are easily removed by the 
washing step, especially if present in microgram quantities only. However, 
the mercuric complexes of all xanthines and uric acids are practically in- 
soluble in organic liquids. We, therefore, turned to the use of alcoholic 
solutions for spraying; e.g., spraying with mercuric acetate in acidulated 
ethanol, without subsequent washing, permits location of the complexes. 
Under ultraviolet light they show light blue fluorescence on a dark violet 
background. However, the amounts necessary for unambiguous identi- 


| fication of a spot of about 1 sq. cm. are in the order of 20 to 507. Thus 


this procedure, like the “direct”? method of Markham and Smith (7), is 


| not sufficiently sensitive. In addition, it was found that ultraviolet. ir- 


(19): | radiation decomposes the mercuric complexes slowly. 


Because of the limited detectability in ultraviolet light of the mercuric 
complexes, we tried to make them visible with some of the color reagents 
used in inorganic analysis. Ionic mercuric derivatives, e.g., give a blue- 
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TaBLeE I 


Properties of Mercuric-DPC Complexes of Xanthines and Uric Acids 





Heat stability of complex 














= > Color of complex* 
Substance Time required for complete fading at #3 
$3 Solvent A |Solvent B or C 
90° 120° 150° | §~ 
_— ae. 
None (back- | 20 min. 60 sec. 15 
ground) 
Uric acid No fading after| Strong fading | 160 | 1 Violet-red| Red 
20 min. after 20 min. 
1-Methyl- | Same Strong fading | 160 | 1 Yellow- | Yellowish 
after 8.5 min. red blue 
3-Methyl- ” Same 160 | 1 Blue 
7-Methyl- ” 7 160 } 1 Violet-red| Yellow- 
red 
1,3-Di- - No fading after| 450 | 1 Violet Violet 
methyl- 20 min. 
3,7-Di- © No fading after| 160 | 1 a 6 
methyl- 8.5 min. 
1,7-Di- 93 Same 160 |} 1 Yellowish | Yellow 
methyl- red 
1,3,7-Tri- | Very strong | 110 sec. 20 | 2.5 | Violet Violet 
methyl- fading after 
20 min. 
3,7,9-Tri- | Very strong | 150 “ 25 | 2 - - 
methyl- fading after 
10 min. 
1,3-Diethyl-| No fading after] No fading after| 450 | 1 - * 
20 min. 20 min. 
Xanthine Same Strong fading | 160 | 2 = Red- 
after 20 min. violet 
3-Methyl- = 5.5 min. 110 | 2 Reddish s 
violet 
7-Methyl- “ No fading after| 450 | 2 Blue Blue 
20 min. 
1,3-Di- - 200 sec. 25 | 5 . - 
methyl- 
3,7-Di- - 260 “ 30 | 2 = * 
methyl- 
1,7-Di- $ 210 “ 30 | 2 2 “ 
methyl- 
1,3-Diethyl-| “ 200 “ 25 | 5 “ “4 























* The color reported refers to the freshly stained chromatograms, after air dry- 
ing, but before the background has been bleached by heating. 
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violet color with diphenylearbazone (DPC), whereas covalent compounds, 
such as mercuric chloride, do not stain with the reagent. When solid 
mercuric urate is immersed in an alcoholic solution of DPC, the surface of 


TABLE II 


Rp Values of Xanthines and Uric Acids 














RF values in various solvents* 
Solvent At Solvent Bt Solvent C§ 
ID 2g. ois e Pe ops cea as%or 0.29 0.57 0.44 
| SRE eee eer ee rere 0.49 0.64 
BE ce PEM A, See tok 0.44 0.66 0.71 
7-Methyl-........ eisai 0.44 0.65 0.59 
Se ae ere eee 0.64 0.80 0.83 
ee OE A ee ee 0.64 0.79 0.71 
$,7-Dlessthyl-... 6.55.5... esc enes. 0.58 0.73 0.85 
FE eS eee 0.74 0.80 0.88 
Laeee-........... 0.84 0.92 0.90 
Uric acid. .... Pewee me 0.23 0.31 0.28 
SS peer ae i 0.38 0.53 0.51 
3-Methyl-... Baran 0.32 0.52 0.53 
7-Methyl-. 0.35 0.44 0.46 
1,3-Dimethyl-.... 0.52 0.69 0.63 
1,7-Dimethyl-....... ; ; 0.50 } 0.62 0.64 
3,7-Dimethyl-.... Te 0.48 0.65 0.67 
1,3,7-Trimethyl-.. . Gatukie ee 0.68 0.80 0.76 
1,3-Diethyl-..... ae Ee Feats 0.78 0.87 0.80 
1,3,7,9-Tetramethyl-||.... 0.86 0.80 











* The Rp values were measured in descending chromatograms, after the solvent 
front had advanced for about 30 cm. The chromatography chambers were kept at 
about 27°. 

+ Solvent A, 95 per cent ethanol 85 ml., acetic acid 5 ml., water 10 ml. 

t Solvent B, 95 per cent ethanol 70 ml., pyridine 20 ml., water 10 ml. 

§ Solvent C, pyridine 94 ml., 25 per cent NH;— 6 ml.; final ammonia concentra- 
tion, 1.5 per cent. 

|| Since caffeine and tetramethyluric acid do not stain with the Hg*t-DPC reagent, 
their positions were determined spectroscopically. 


the particles stains blue-violet, indicating the ionic nature of this derivative. 
This method proved to be generally applicable: Upon spraying the paper 
frst with mercuric acetate and then with DPC, the whole sheet turned 
ted-violet, but the spots could be recognized by their different and more 
intense shade. Upon heating the paper over a hot-plate, the color of the 
background gradually faded, and the spots of the xanthines and uric acids 
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Fig. 1. The relationship between log (1/Rr — 1) and n, the number of carbon 
atoms in the alkyl groups attached to the heterocyclic nucleus. XX, methylated uric 
acids (U); ©, methylated xanthines (X). 1,3-E indicates the diethyl derivative of 
the homologous series. A, Solvent A (see Table II), note the relatively small devi- 
ations from the straight lines both in the U and X series. B, Solvent B, more pro- 
nounced deviations appear in the U series. In the X series the experimental points 
can be represented only by two lines with a different slope. C, Solvent C, the xan- 
thines are again represented here by two straight lines, but in this case with an 
identical slope. 


stood out as well defined areas. Upon continued heating, these also dis- 
appeared. It was, therefore, necessary to determine the heat stability of 
the various mercuric derivatives. This was achieved in the following way: 
10 y of each material were put on spots of about 1 sq. cm. area, stained by 
the above procedure, and the time required to bleach the color at various 
temperatures was determined by putting the paper into a constant temper- 
ature oven. The results of these experiments are summarized in Table I. 
In the final procedure the paper is always heated to 90° for about 15 min- 
utes. The exact time is not critical under these conditions. Direct heat- 
ing over a hot-plate, under eye control, is a simplified modification of this 
procedure. The stained spots preserve their color for several months. 

We now were in a position to study the lower limit of detectability for 
each individual derivative. The results, which are included in Table I, 
indicate that the procedure is suitable for the identification of microgram 
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quantities, such as are to be expected in biological experiments. The fully 
methylated derivatives, caffeine and 1 ,3,7 ,9-tetramethyluric acid, do not 
form mercury complexes, apparently because of the lack of a free NH— 
group. These two compounds were therefore located in chromatograms 
by extracting each cm. of the paper strip separately and measuring the 
amount present by ultraviolet spectrophotometry. 

The only colorimetric reaction, which proved applicable to all xanthines 
and uric acids, is the method of Reindel and Hoppe for the detection of 
amino acids, peptides, and related compounds (21). These authors exposed 
the paper to the gases, produced from permanganate and hydrochloric acid, 
and then treated it with a mixture of o-tolidine and potassium iodide to 
obtain a blue color. In this procedure a positive reaction is obtained 
even with caffeine and tetramethyluric acid (5 y per spot). However, 
with such small quantities of material, the color disappears within 1 to 2 
hours. In addition, this method is very sensitive to impurities of the 
paper and is inapplicable after the use of basic solvents (e.g. pyridine), 
which cause the whole paper to react. For the purposes of the present 
investigation, therefore, the ‘“‘mercury”’ method proved to be more useful. 


Paper Chromatography of Xanthines and Uric Acids 


In view of the limited solubility of these substances in organic solvents, 
aqueous mixtures appeared most promising for the development. The 
butanol-formic acid mixture, used previously by Markham and Smith (7), 
was tried first. It suffers from the disadvantage that its components react 
slowly with each other and that the increasing percentage of butyl formate 
changes the results from 1 day to the other. When the final equilibrium 
mixture was used, separation of the homologues under investigation was 
unsatisfactory; therefore, various mixtures with acetic acid or pyridine 
were studied. The R, values of three selected solvents are summarized in 
Table II. 

Fig. 1, A to C, demonstrates the varying separating power of three sol- 
vent mixtures. For xanthines two-dimensional chromatography is re- 
quired for the analysis of an unknown mixture. In general, the Rr values 
of isomers are closely related and well spaced from the next higher and 
lower homologue. Therefore, a plot of log (1/Rr — 1) versus n, the num- 
ber of carbons in the side chains attached to the heterocyclic nucleus, gives 
in most cases the linear relationship postulated by Martin (22).? 

Attempts were made to modify the chromatographic procedure in such 
a way as to be able to observe the migration of the various components 
with the naked eye. For this purpose, mercuric acetate was applied di- 


2 It should be noted that the Rr values change with the distance of travel. The 
values in Table II were all obtained with a solvent front about 30 cm. from the origin. 
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ully rectly to the original spot and DPC dissolved in the developing mixture. 
not The Rr values were identical with those obtained in the absence of mercury, 














H— indicating that the solvent extracts the organic molecules and the metal 
‘ams ions separately and independently. It was accordingly observed that 
the during ‘‘mercuric chromatography” the color of the advancing spots faded 
gradually. 
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: Fic. 2. Two-dimensional paper chromatogram of methylated xanthines. Loca- 
rium tion of the homologous xanthines after application of Solvent C is shown on the right 
1 was side. Although 3-methyl- and 1,7-dimethylxanthines are closely connected, the two 
idine spots are distinguishable by the different color of their complexes with mercury and 
od ia diphenylearbazone (see Table 1). Since these two derivatives are extracted together 
from the paper, it is convenient to run the chromatogram in a second dimension with 
Solvent A. However, it is also possible to determine a mizture of these two homo- 


e sol- logues spectrophotometrically, since their absorption maxima are entirely different 
is re- (to be published). 

ralues 

r and Separation Procedure 

num- 


Caffeine, the most highly substituted xanthine, ingested with normal 


gives } food, may give a mixture of fourteen methylated xanthines and uric acids. 

Successful separation and determination of all possible metabolites require, 
such therefore, first separation of the two main groups. A suitable procedure 
nents 


; can be based on the observation that only xanthines form cations in strongly 
ed di- | acid solutions (16). They are therefore adsorbed by a cation exchanger, 

The § such as Amberlite IR-112-H, and can be subsequently eluted by ammonia 
origin. | with recovery of at least 95 per cent. Similar procedures have been used 
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previously by Johnson (11) and Weisman, Bromberg, and Gutman (8), Th 
The separation of the members of either the xanthine or uric acid series is am: 
shown in Figs. 2 and 3. For the former group we use first Solvent C 
(pyridine-ammonia) and in the second direction, Solvent A (ethanol-acetic 
acid). For the separation of uric acids Solvent B (ethanol-pyridine) has 7 
been applied in both directions. Since the ratio of the distances, covered | Wh 
are 
in | 
add 
hon 
creé 


P by 1 
QS 


| SOLVENTB 


cS ® (1 DIMENSION) a 
wh 








— aS, 

SOLVENTB — STARTING POINT 

(2 DIMENSION) OF ORIGINAL MIXTURE 

Fic. 3. Two-dimensional paper chromatogram of methylated uric acids. In both 

directions Solvent B was used. Therefore the spots, obtained in the first direction * 
(at the right-hand side), as well as those in the second dimension, are situated along } tain 
a straight line. The spots of 1- and 3-methyluric acids lie close together, but can | free 
be clearly distinguished because of the different shade of their Hg**-DPC complexes 
(see Table I). For quantitative analysis these two isomers are extracted together 
from the paper, but do not interfere with each other in the spectrophotometric de- 
termination, since the pH dependence of their maximal extinction is entirely differ- IIT. 
ent (to be published). . 


by any individual component in the two perpendicular directions, is con- | give 
stant, it is to be expected that all spots are situated along a straight line. A 
This is borne out by the experiment shown in Fig. 3. It should be noted | curi 
that the solvent combinations were selected after a large number of trials | and 
and do not represent the only possible solution of the present problem. } forn 


3 If adenine, guanine, and hypoxanthine are also present, they are adsorbed as 
cations and thus accompany the xanthines. In this case, the above procedure has 
to be modified, as will be described in the application of the method to biological stru 
fluids. that 
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(8), | Thus, xanthines have been separated by Weisman et al. (8), using butanol- 
esis | ammonia first and subsequently butanol-formic acid. 


nt C 
cetic DISCUSSION 
) has The curves in Fig. 1, A to C, reveal certain interesting relationships. 


vered | While in Solvents A and C the straight lines for xanthines and uric acids 
are approximately parallel, this is not the case for Solvent B. Therefore, 
in both Solvents A and C, the rule of Martin (22) is obeyed; 7.e., for each 
additional CH,— group the same increment in AF is obtained within a 
homologous series. However, in Solvent B, AAF (increment in AF) de- 
creases sharply for xanthines, while remaining at the same level for uric 


Tase III 
Free Energy of Transfer of Methylene Groups Between 
Stationary and Mobile Phases 
The figures were calculated from the slopes of the straight lines in Fig. 1, A to C, 
by using the equation AAF = 2.3 RT log (1/Rr, — 1)/(1/Rr,_,; — 1). T = 300° 




















absolute. 
AAF-cH,- (calories)* 
Solvent 
Xanthines Uric acids 
A —390 —390 
B Upper line, —210 
Lower ‘6 —320 0S 
Cc Upper line, —350 
Lower “ —350 “7 
In both 
rection * It should be noted that the AAF values are of the same magnitude as those ob- 
d along | tained for the transfer of a methylene group in cholinesterase inhibitors from the 
put can free solution to the enzyme surface (23). 
nplexes 
a acids. ‘The values of AAF, derived from Fig. 1, A to C, are given in Table 


, differ | HI. It is concluded that in Solvent B the distribution of xanthines be- 
* | tween the stationary and mobile phases involves an additional factor, which 
is of no importance for uric acids. A discussion of this problem will be 
is con- | given later. 
ht line. All compounds included in the present investigation combine with mer- 
> noted | curic ions, with the exception of the fully methylated derivatives, caffeine, 
f trials | and 1,3,7,9-tetramethyluric acid. However, the nuances of the color, 
roblem. | formed by staining the mercuric complexes with DPC, vary from one 
substance to the other (Table I). It is thus indicated that the position of 
bee | SH rticipating i lex formation, determines the specifi 
sure Ma groups, participating in complex formation, nes specific 
iological | Structure and stability of the coordinative compound. Our results suggest 
that conjugation of an NH— group with another unsaturated structure, 
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e.g. C=O, is the minimal requirement for the formation of stable mercuric 
complexes. However, in testing this assumption, it was found that simple 
amides, amidines, or guanidines do not give a positive reaction. Only 
biuret can be stained with Hg** and DPC. It thus appears that an NH— 
group has to be cross-conjugated with at least two unsaturated groups in 
order to give a positive test. All heterocyclic compounds studied so far 
follow this general rule. The procedure, developed in this investigation, 
should, therefore, be applicable to a large number of compounds, including 
pyrimidines, barbiturates, purine derivatives, and imidazoles. The ex- 
tension of the method to these heterocycles is now under study, and the 
results obtained will be reported later. 

The thermal stability of the complexes with Hg+*+ and DPC shows an 
interesting relation to structure. In the xanthine series all dimethy] deriv- 
atives fade at about the same high rate, then follows 3-methylxanthine, 
thereafter xanthine itself, while 7-methylxanthine is the most stable one. 
Evidently, when positions 1 and 3 are free, the complex is more heat-stable 
than when positions 1 and 7 are unsubstituted. 

In the uric acid series the most stable complexes are obtained when only 
positions 7 and 9 are free, since both 1 ,3-dimethyl- and diethyluric acids 
excel the mother substance in their heat stability. On the other hand, if 
all nitrogens are occupied, besides N-1 or N-9, very unstable complexes 
result. This may serve as an indication that the heavy metal atom at- 
taches itself to at least 2 heteroatoms in the uric acid structure. There- 
fore, the intramolecular distance between the free nitrogens determines the 
heat stability of the complex. However, this does not explain why the 
mercuric complex of 1 ,3-dialkyluric acids should be more stable than that 
of uric acid itself. Probably, free NH— groups in positions 1 and 3 com- 
pete with N-7 and N-9 for the metal and thus decrease the over-all stability 
of the complex. Therefore, the observed order of heat stability is 1,3- 
dimethyl > 1- or 3-methyluric acid or uric acid itself. 

The application of the chromatographic procedure, described in this 
paper, to biological fluids will be reported in a future communication. 


SUMMARY 


Microgram quantities of xanthines and uric acids can be detected on 
paper by staining their mercuric complexes with diphenylcarbazone. This 
method is also applicable to related heterocyclic systems. 

A two-dimensional paper chromatographic procedure has been developed 
for the separation of homologues within each series. Xanthines are first 
quantitatively adsorbed from a strongly acid solution onto a cation ex- 
changer, Amberlite IR-112-H, and quantitatively eluted with ammonia 
before spotting. The uric acids, which pass through the column, are 
chromatographed separately. 
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A plot of log (1/Rr — 1) versus n, the number of CH.— groups attached 
the ring system of uric acid, gives straight lines with almost identical 


slopes for various solvents. However, for xanthines the slope varies from 
one solvent to the other, and in some cases two straight lines, rather than 
one, represent the above function for various methylated derivatives. 


This work was supported by a grant from the Hadassah Medical Organi- 


zation. 
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THE ISOLATION AND PROPERTIES OF 
MICROSOMAL CYTOCHROME* 
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Mammalian liver contains a heme protein which from its spectrum and 
properties in particulate preparations has been termed cytochrome b, by 
Yoshikawa (1), cytochrome m by C. F. Strittmatter and Ball, who localized 
it in microsomes (2, 3), and cytochrome bs by Chance and Williams (4). In 
view of the fact that this and other microsomal enzymes have been studied 
chiefly in particulate suspensions, methods of isolating microsomal pro- 
teins for more detailed characterization were examined. ‘The first and most 
easily recognizable of the enzymes that we have obtained is the microsomal 
cytochrome. This paper deals with the liberation of the cytochrome from 
its particulate complex, the fractionation steps in its purification, electro- 
phoretic and ultracentrifugal tests for homogeneity, molecular weight de- 
termination, spectral properties, and reactions with a number of reagents. 


Materials and Methods 


Optical measurements were made in a Beckman DU spectrophotometer 
calibrated against emission bands of a mercury arc. Silica cuvettes of 1 
ml. capacity and 1 cm. light path were used in the aerobic experiments, 
while, in experiments involving removal of oxygen or equilibration with 
another gas, cuvettes of the Thunberg type or the injection systems de- 
scribed in the following paper (5) were employed. Anaerobic conditions, 
in which no appreciable reoxidation of the cytochrome or reducing agents 
occurred in several hours, were obtained in such systems by alternately 
evacuating and flushing ten to twenty times with Linde nitrogen, and by 
using only solutions deoxygenated by bubbling Linde nitrogen through 
them for 30 minutes or longer. 

Reduced di- and triphosphopyridine nucleotides (DPNH and TPNH, 
respectively), horse and beef heart preparations of cytochrome c, and re- 
crystallized tris(hydroxymethyl)aminomethane (Tris buffers) were prod- 
ucts of the Sigma Chemical Company. The Versene brand of ethylene- 
diaminetetraacetic acid was employed. The indigo dyes were prepared by 
Dr. P. W. Preisler by the method of Sullivan, Cohen, and Clark (6). 

* This work was aided by a grant from the American Cancer Society on recommen- 
dation of the Committee on Growth of the National Research Council. 
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EXPERIMENTAL 
Preliminary Experiments 


Microsomal fractions isolated from rat, guinea pig, rabbit, and beef livers 
exhibited absorption spectra in deoxycholate-clarified suspensions that were 
very similar to those that have been described for rat liver preparations (3). 
Rabbit liver was selected as a favorable compromise with respect to size 
and the quantity of material that could be obtained. The method 
of Schneider (7) for isolating the microsomes, homogenization in 0.25 m 
sucrose and differential centrifugation, was modified by centrifugally re- 
moving cellular débris, nuclei, and mitochondria in one step. This en- 
tailed a loss in microsomes which was more than compensated for by the 
gain in speed of processing large amounts of material. The factors which 
limited the scale of operations were the number and capacity of the high 
speed centrifuges. It was necessary to work batchwise with the livers of 
two rabbits at a time. The duration and force of the centrifugation em- 
ployed in separating the microsomes were greatly diminished by addition 
of ammonium sulfate to 0.4 saturation. This aggregated the microsomes 
and at the same time precipitated very little of the soluble liver protein. 
One washing with dilute buffer in the preparative ultracentrifuge was em- 
ployed to remove the major portion of this contaminant. 

In a search of methods for isolating the microsomal proteins, acetone 
powders, butanol extraction, and treatment with ribonuclease, trypsin, and 
pancreatic lipase, both individually and in combination, were tried. Of 
these, only butanol extraction by methods similar to those of Morton (8) 
and lipase treatment yielded soluble preparations which contained the cyto- 
chrome, and by far the most consistent and successful preparations were 
obtained with pancreatic lipase. Incubation with lipase is used in Step 4 
of the preparation. The pancreatic lipase, preliminary samples of which 
were supplied by Dr. R. K. Crane, was partially purified by fractional pre- 
cipitation and adsorption steps (9). Since addition of trypsin inhibitor to 
several lipase incubations did not inhibit liberation and since trypsin it- 
self did not liberate the cytochrome, this type of proteolysis, at least, is 
not involved. Also, the microsome suspensions undergo no appreciable 
autolysis on incubation at 37° for 1 hour, as measured by increase in nin- 
hydrin-positive material. The lipase preparations, however, do contain 
a detectable amount of undefined proteolytic activity. 


Preparation of Microsomal Cytochrome from Rabbit Liver 


Materials—A sucrose medium, containing 0.25 m sucrose and 0.001 M 
Versene, pH 7.5, in glass-distilled water, is prepared in advance and pre- 
chilled in the cold room. All solid ammonium sulfate used in the prepara- 
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tion is purified as follows: A saturated solution is prepared with reagent 
grade material. Ammonia is added to approximately pH 8 and the solu- 
tion is filtered. The filtrate, after addition of Versene to a concentration 
of 0.001 M, is concentrated by boiling and cooled to obtain crystals which 
are washed with cold glass-distilled water and dried at 100°. Saturated 
solutions of ammonium sulfate used in the preparations contained 720 gm. 
of reagent grade ammonium sulfate per liter of water and 3.8 ml. of con- 
centrated ammonium hydroxide per liter of solution. After filtration, Ver- 
sene is added to 0.001 M, the pH is adjusted to 7.5 with 1 n hydrochloric 
acid, and the solution is chilled. Thirty rabbits, weighing 5 to 7 pounds 
each, are sacrificed two at atime. All subsequent steps are carried out at 
4-8° unless otherwise specified. 

Step 1—Two rabbits are stunned and bled, and the livers excised and 
washed in cold sucrose media. After blotting and weighing, the livers 
(about 150 gm.) are minced well with scissors for 1 minute and homogenized 
for 20 seconds in a Waring blendor at high speed with approximately 3 vol- 
umes of sucrose media per weight of tissue. The homogenate is then di- 
luted with sucrose media to 7 volumes per weight of tissue and is centri- 
fuged immediately in Servall centrifuges at 80 to 82 volts (9000 X g) for 
12 minutes. This procedure is repeated with successive pairs of animals. 
The total elapsed time for each pair of two rabbits is not more than 20 to 25 
minutes. ‘The volume of pooled supernatant fluid, containing the micro- 
somes and largely free of nuclei and mitochondria, is approximately 16 
liters. 

Step 2—560 ml. of saturated ammonium sulfate solution are added to 
800 ml. aliquots of the supernatant fluid from Step 1. After 5 minutes 
the suspension is centrifuged for 7 minutes in Servall centrifuges at 110 
volts (11,000 X g). The pellets, containing the microsomes, are resus- 
pended in a small amount of Tris buffer, 0.1 M, pH 7.5. The total volume, 
on resuspending the pellets from the entire 16 liters of supernatant fluid 
from Step 1, should be approximately 1600 ml. 

Step 3—The 1600 ml. of concentrated microsome suspension are centri- 


| fuged in the No. 30 rotor of a Spinco model L ultracentrifuge at 0° for 70 


minutes at 30,000 r.p.m. (80,000 X g). The dark red pellets are resus- 
pended in cold 0.1 m Tris buffer, pH 7.5, to give a total volume of 1000 ml. 
The elapsed time up to this point is 11 to 12 hours, and the suspension may 


| be allowed to stand overnight at 5°. 


Step 4—100 ml. of the dialyzed lipase solution (9) are added to 1000 ml. 
of the suspension, and the mixture is gently stirred for 1 hour at 37° and 
then cooled in an ice salt bath to 5°. 

Step 5—Ammonium sulfate fractionation of the lipase-treated prepara- 
tion is carried out as indicated in Diagram 1. 
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Step 6—The microsomal cytochrome preparation from Step 5 is refrac- 
tionated at least two times by the procedure indicated in Diagram 2. The 
cytochrome obtained after the second reprecipitation, usually about 50 to 


1050 ml. lipase-treated preparation 
| 160 ml. SAS; centrifuge 








Small ppt. (discarded) 1150 ml. red-brown suspension 
250 ml. SAS; centrifuge 





Large ppt., partly floating 





Filter through glass-wool plug 





Large tan ppt. (discarded) 1150 ml. red opalescent supernatant 
100 ml. SAS; centrifuge 








Small ppt. (discarded) 1200 ml. red opalescent supernatant 

170 gm. AS (pH kept at 7.5 with 1 n 
NaOH during AS additions); centri- 
fuge 











r 


Large cream ppt. (discarded) 1200 ml. red opalescent supernatant 





| Filter through coarse filter paper 


1200 ml. clear red supernatant 





170 gm. AS; centrifuge 


Light pink ppt. (discarded) 1250 ml. clear red supernatant 





100 gm. AS; centrifuge 











Pink ppt. (dissolved and re- 1300 ml. clear red supernatant 
fractionated in same man- Add 1 n HCl dropwise with stirring to 
ner) pH 4.20 as measured by glass electrode 
Clear yellow supernatant (dis- Red ppt. containing 100 to 120 mg. microsomal 
carded) cytochrome 


(Dissolved in 30 to 50 ml. 0.1 Tris, pH 7.5) 


DiacraM 1. Step 5. Ammonium sulfate fractionation. All centrifugations are 
at 11,000 X g for 10 minutes. Abbreviations: SAS, saturated ammonium sulfate; 
AS, solid ammonium sulfate. 


70 mg., was used in the experiments described in this paper. It could be 
stored at 5° in 0.1 m Tris buffer, pH 7.5, for at least 2 weeks without change 
in spectra or enzymatic properties, or kept frozen at — 20° for longer periods 
of time. 
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Properties of Microsomal Cytochrome 


Absorption Spectra—Fig. 1 shows the absorption spectra of a typical 
preparation of microsomal cytochrome in the oxidized and reduced forms. 
The reduced spectrum in the visible region is the same with a wide variety 
of reducing agents (see ‘‘Oxidizing and reducing agents’’). In the example 
illustrated, excess cysteine was selected as reducing agent because it causes 
no appreciable spectral interference at wave-lengths higher than 300 mug. 
The millimolar absorption coefficients, ,,,,, were based upon heme content 
as described in the section on the calculation of E,,,, values. In the Soret 
region, a 10 my shift occurs on reduction similar to that obtained in suspen- 


50 ml. cytochrome solution from Step 5 or once reprecipi- 
tated cytochrome 


| 250 ml. SAS, pH 7.5; centrifuge 























Ppt. discarded Clear red supernatant 
pH to 5.2 by dropwise addition of 1 n HCl; 
centrifuge 
Ppt. discarded Clear red supernatant 
pH to 4.4 by dropwise addition of 1 n HCl; 
centrifuge 
| | 
Light pink supernatant fluid con- Large red ppt. of microsomal cytochrome 
taining some cytochrome and (dissolved in 0.1 m Tris, pH 7.5, and stored 
impurities or refractionated) 


DiaGraM 2. Refractionation of microsomal cytochrome. The pH measure- 
ments were made with dipping electrodes. All centrifugations were at 11,000 X g 


for 10 minutes. Abbreviations: SAS, saturated ammonium sulfate; AS, solid am- 
monium sulfate. 


sions of microsomes (2). The LE, value at the Soret maximum increases 
from 117 in the oxidized form to 171 in the reduced form. From 300 to 600 
mu, the spectra correspond closely to those reported by Appleby and Mor- 
ton (10) for the flavin- and heme-containing lactic dehydrogenase of yeast, 
although, as will be shown, the microsomal cytochrome contains no flavin. 
The absorption peaks at 526 and 556 my are in agreement with the maxima 
reported for microsomal suspensions (3). In addition, extension of spec- 
tral observations to the 300 to 400 my region shows broad absorption bands 
for the oxidized and reduced forms at 355 to 370 my and from 320 to 340 
mu, respectively. These bands, although broad, are comparable with the 
526 and 556 my peaks in intensity. 

Identity of Porphyrin—The heme group of the cytochrome is readily and 
quantitatively removed from the protein by an acid acetone method similar 
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to that of U. J. Lewis (11). The coincidence of the absorption spectrum of 
the heme with that of ferriprotoporphyrin chloride, Fig. 2, suggests the 
identity of the two compounds and prompted us to use the extinction co- 
efficients reported by U. J. Lewis to make a quantitative determination of 
the isolated heme spectrophotometrically. 

Analysis for Iron and Heme and Calculation of Em Values—Various 
cytochrome preparations were dialyzed against 100 to 200 volumes of 0.001 
Mm Tris buffer, 0.001 m cysteine, pH 7.0, or glass-distilled water for 36 hours 
with three changes of water or buffer. The heme protein bonds were bro- 
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Fic. 1. Absorption spectra of oxidized and reduced microsomal cytochrome. Op- 
tical density readings were taken at 5 my intervals over the entire wave-length range 
and at 1 my intervals at each absorption maximum or minimum. The protein spec- 
tra were read in 0.10 m Tris, pH 7.35; for reduction 9 wmoles of cysteine per ml. were 
added. The control tube contained the same buffer and the same amount of cys- 
teine. Emy values were based on heme analyses by the method of Lewis (11). 


ken at or below pH 1 with hydrochloric acid at room temperature, and the 
protein was precipitated with approximately 20 volumes of redistilled ace- 
tone. After removal of the colorless protein by centrifugation, the super- 
natant fluid and acetone washings were diluted to volume with acetone for 
spectrophotometry. As a check on the heme analyses, analyses on the 
acid-acetone method were run on recrystallized horse oxyhemoglobin. 
These analyses agreed within 5 per cent with the calculated value based 
upon the oxyhemoglobin absorption bands. Alkaline pyridine and cya- 
nide hemochromogen derivatives, prepared in the usual way without prior 
separation of the protein, gave bands in the proper position, but were 
not wholly satisfactory. The apparent molar absorption coefficients as 
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well as details of the spectra are influenced by the protein as shown by vari- 
ations reported for different heme proteins carrying the same heme group 
(12). 

Iron analyses, with reduced iron and also Mohr’s salt for preparing stand- 
ard solutions, were carried out on the dialyzed heme protein by the method 
of Drabkin (13). The same method, involving wet ashing and ortho- 
phenanthroline for color development, was employed on the quantitatively 
isolated heme after evaporation of the acetone. The results by both pro- 
cedures were the same. A commercial preparation of cytochrome c, 0.34 
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Fic. 2. Comparison of absorption spectra of acetone-HC]l derivative of microso- 
mal cytochrome and ferriprotoporphyrin. The ferriprotoporphyrin chloride spec- 
trum according to Lewis (11). 
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per cent iron, gave concordant values by wet ashing and by ignition. The 
spectra of all solutions subjected to analysis were measured. 

The millimolar absorption coefficients based upon iron content and upon 
heme are presented in Table I. The agreement between the values of 
En based upon heme and upon iron analyses is adequate. Variations of 
+8 per cent in the values based on iron and +4 per cent in the values based 
on heme may be, in part, of analytical origin. However, the different 
preparations may not be completely uniform. It is difficult to exclude 
small and variable traces of non-heme iron, and it is possible that a small 
amount of denaturation occurs during the acid precipitation step. 

Dry Weight and Minimal Molecular Weight—In Table II are the results 
of dry weight determinations and the minimal molecular weights calculated 
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upon the basis of the dry weights and the E,,, values of the reduced cyto- | ord 
chrome at 423 my. The protein samples, after prolonged dialysis against | tim 
glass-distilled water, were dried in vacuo at room temperature and then at } con 
110° to constant weight. Although these calculations are subject to the | pea 


cumulative errors in Ey, in drying and weighing small samples, and in F 
possible contamination by salts and residual water, the results are in agree- | den 
ment with those obtained from sedimentation and diffusion analyses as de- p) 
scribed in the section on molecular weight. tion 


Sedimentation Coefficient—Two solutions of the cytochrome, 0.2 per cent | |gr : 
protein in 0.1 mM acetate, pH 6.95, and 0.4 per cent protein in 0.1 [ eylg 





























the 
TABLE I bet 
Absorption Coefficients for Microsomal Cytochrome Based on Iron and Heme Analysis gree 
| Emo of absorption peaks | E 
No. of | Iron 

Analysis preparations — Heme 6.9 | 
analyzed Oxidized, | Reduced, | Reduced, | Reduced, — buff 

413 mp =| = 423 mp f 526 mp 556mm uu 
a See (Daeg ES os I SRG! BRD “ ——— —— } shar 
Iron | 8 | 113 & 10 | 165 15 | bros 
Heme | 4 {117 +5 |171+8 axed 25.6 + 1.0 1.04 very 
Oe ete ee Stew ee: a ~ 3:2. 
TABLE II pers 
Minimal Molecular Weight Based on Iron and Heme Analyses and Dry Weight fieat 
reac nagy ims func 
Preparation No. | ee” a. Dry weight | ee ye deta 
caine ae | pmole per mt. mg. per ml. | a1 
19 10.3 0.058 0.942 16, 200 net 1 
44 31.6 0.185 3.55 | 19,200 is — 

— —_—_—_——= || fect 
* Based on Emy = 171 at 423 my for the reduced form. pH: 
- | 
ionic strength phosphate, pH 7.38, sedimented with a single boundary in ] jon 
prolonged sedimentation runs (5 to 6 hours) at 5° in the analytical ultra- | 44g 
centrifuge. The results in phosphate, corrected to an average rotor tem- FI 
perature of 10° in water, give a sedimentation coefficient s10,v, of 1.0 X } gon 
10-* see. —. whic 


Diffusion Coefficient—The diffusion coefficient was determined with a 10-4 
0.3 per cent protein solution in 0.1 ionic strength phosphate, pH 7.38, in evi 
duplicate. Boundaries were formed in both limbs of a standard Tiselius the | 
electrophoresis cell (Klett) and, after compensation, were followed at inter- | ion¢, 
vals with Longsworth schlieren scanning photographs at 2°. Normalized St 
curves at four time intervals fell within close limits on the Gaussian distri- pect 
bution curve. The diffusion coefficients, Dio,., calculated by the maximal 
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ordinate and the maximal ordinate-area methods (14), by using sixteen 
time points, are 5.57 X 10-7 and 5.48 X 10-7 cm.’ sec. —, respectively. For 
comparison with sedimentation coefficients these measurements, made 
near 2°, were extrapolated to the conditions prevailing in water at 10°. 

Partial Specific Volume—This quantity (V) was determined by the 
density gradient method (15) and found to be 0.748. 

Molecular Weight—By using the above quantities in the standard rela- 
tion for molecular weight (14), a value of 16,900 is obtained for the molecu- 
lar weight. From this value and the partial specific volume, one may cal- 
culate the radius of the sphere of equivalent volume, and correspondingly 
the diffusion coefficient, Do, for the equivalent sphere in water. The ratio 
between this value and the observed coefficient is 1.7, indicating a high de- 
gree of molecular asymmetry. 

Electrophoretic Analysis—Experiments were carried out in the pH range 
6.9 to 7.5 with 0.1 m Tris, 0.1 ionic strength phosphate, and 0.1 m acetate 
buffers. The single ascending boundary in these experiments remained 
sharp and symmetrical for 150 to 300 minutes. The descending boundary 
broadened more rapidly and, after 3 to 4 hours, showed indication of two 
very slowly separating heme protein components in an area ratio of roughly 
3:2. In view of the spectral evidence presented here and in following pa- 
pers (5, 16), we consider the inhomogeneity to represent minor charge modi- 
fications of a single heme protein species. Although no evidence of a more 
fundamental inhomogeneity has been detected, the problem awaits more 
detailed investigation. 

Over the limited pH range studied, the protein carried a relatively high, 
net negative charge. The mobility at pH 7.5, in 0.1 m Tris chloride buffer, 
is -5.9 X 10-° cm? volt sec.. In view of the mobilities and of the 
fact that the pH of water-dialyzed solutions becomes stabilized between 
pH 5 and 6, it is likely that the isoelectric and isoionic regions are below pH 
6. It should be noted in this respect that the solubility of the protein in 
concentrated ammonium sulfate solutions is greatly diminished at pH 5 
and below, a property utilized in the purification. 

Flavin Analysis—Flavin analyses were carried out by the sensitive flu- 
orometric method of Burch, Bessey, and Lowry (17). The results, for 
which we are indebted to Dr. Helen B. Burch, reveal no more than 0.5 X 
\0-* molecule of flavin per molecule of cytochrome. It is concluded that 
favin does not form an integral part of this protein. This is in contrast to 
the yeast lactic dehydrogenase (10) which exhibits a similar spectrum but 
contains flavin and heme in a 1:1 ratio. 

Stability—At neutral and alkaline pH the cytochrome is stable. The 
yectrum remains unchanged for at least several hours at 20-37°, pH 7.5. 
Preparations have been incubated for 1 hour at 25° at pH 8.1 to 9.5 with 
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no appreciable change in the oxidized or reduced spectra. Neutral solu- 
tions can be stored for at least 2 weeks at 5° and much longer at —20°. The 
protein is less stable, however, in the acid pH region. When samples of 
the cytochrome were incubated at 25° for 10 minutes at pH 6.5, 4.3, and 
3.5, the amounts of denaturation as measured by loss of cytochrome spec- 
trum were 0, 30, and 100 per cent, respectively. This denaturation is very 
much depressed at low temperatures (5°) and at high salt concentration 
(90 per cent ammonium sulfate saturation), and it is for this reason that 
the acid precipitation of cytochrome in the isolation procedure entails little 
loss of material. 

Effects of Various Reagents—N-Ethy1 maleimide, 10-* m, incubated with 
the protein at pH 7.4 for 24 hours at 5°, and p-chloromercuribenzoate, 10-* 
M, had no effect on the oxidized or reduced spectra in the 400 to 600 my 
range, indicating that no thiol groups susceptible to these reagents affect 
the heme. Hydroxylamine, 0.1 M, pH 7.4, and hydrogen peroxide, 0.1 
M, pH 8.0, were similarly without effect. Hydrogen peroxide, however, 
oxidized the reduced form. No significant effect on the oxidized or reduced 
spectra were obtained with 0.1 m sodium cyanide, pH 8.0, or in solutions 
kept in an atomosphere of carbon monoxide at pH 8.0 for 3 days at 5° or 
for 1 hour at 25°. Except where otherwise indicated, these reagents were 
incubated with the cytochrome for 15 to 30 minutes at 25° under anaerobic 
conditions. In view of the slight spectral effects observed by Horecker 
and Kornberg (18) with cytochrome c and sodium cyanide, a more detailed 
examination of this reagent with the microsomal cytochrome should be 
undertaken. It is especially noteworthy that carbon monoxide does not 
alter the absorption spectrum of either the oxidized or reduced form even on 
prolonged equilibration. 

Oxidizing and Reducing Agents—The microsomal cytochrome at pH 7 
to 8 is reduced by reduced indigo di-, tri-, and tetrasulfonates, anthra- 
quinone-2 ,7-disulfonate, and benzyl viologen, and by sodium hydrosulfite 
and cysteine. Potassium borohydride at pH 5.5 is also an effective reduc- 
ing agent. In all cases the spectra obtained were identical, in those regions 
where comparison was possible, with that shown in Fig. 1. Large excesses 
of reduced glutathione caused no appreciable reduction. Neither DPNH 
nor TPNH alone reduces the oxidized cytochrome. Rapid and complete 
reduction of the cytochrome by these coenzymes is catalyzed by reductases 
that have been obtained in soluble form from microsomes. The spectrum 
of the cytochrome reduced enzymatically is the same as that observed with 
the various other reducing agents. The liberation of the TPNH enzyme 
and the preparation and properties of the DPNH-specific reductase are 
described in a following report (16). 

Reduced microsomal cytochrome is oxidized rapidly by potassium fer- 
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ricyanide, ferric chloride, cytochrome c, and various dyes of appropriate 
potential. It is oxidized somewhat more slowly by oxygen and by mer- 
curic chloride to give the oxidized spectrum shown in Fig. 1. 


DISCUSSION 


The liberation of the microsomal cytochrome from its particulate com- 
plex appears to be primarily lipolytic, although the possibility of some pro- 
teolysis has not been rigorously excluded. In so far as comparison with 
the particulate pigment is possible (2-4), no significant alteration of proper- 
ties has been detected with the exception of the apparent standard poten- 
tial. This potential determination and its interpretation are treated in 
the following paper (5). The isolated protein, by spectral criteria, appears 
homogeneous with respect to its heme properties. Since the material sedi- 
ments as a single compound, the apparent electrophoretic inhomogeneity 
may result from minor charge modification of the same substance, similar 
perhaps to the heterogeneity of crystalline insulin which may vary in its 
content of amide nitrogen (19). The agreement between molecular weight 
and the minimal molecular weight based on iron and heme analysis indicates 
the presence of one heme per molecule and no significant amount of non- 
heme iron, and provides some stoichiometric evidence for homogeneity. 
Particular attention was paid to establishing molar absorption coefficients, 
since these provided the experimental basis for work to be described and 
since cytochrome c is the only other mammalian cytochrome for which such 
properties had been directly determined. 

The spectra of the cytochrome, in both its oxidized and reduced forms, 
resemble those of other heme proteins which, on the basis of magnetic sus- 
ceptibility measurements, have been considered to coordinate iron by bonds 
of predominantly covalent character. The inertness to a variety of re- 
agents that attack heme iron is consistent with this classification. Failure 
to react with carbon monoxide during prolonged exposure is of particular 
significance in this respect. The protein is quite stable in the alkaline pH 
region and shows no spectral changes as a function of pH up to pH 10. 
Spectral changes in the acid pH region are associated with the breaking of 
the heme protein bonds, as indicated by the complete resolution of heme 
and protein by the acid acetone method. This behavior is in contrast to 
that of cytochrome c, in which the heme is bound to the protein by thio 
ether linkages and undergoes fully reversible changes down to pH 1. 


SUMMARY 


1. The cytochrome of rabbit liver microsomes has been isolated by 
treatment with pancreatic lipase and purified by ammonium sulfate frac- 
tionation at controlled pH. 
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2. The purified protein sediments in the ultracentrifuge as a single pro- 
tein. From sedimentation velocity, diffusion, and partial specific volume 
measurements, the molecular weight is about 17,000. 

3. Quantitative analyses for iron and heme indicate the presence of one 
heme per molecule and no non-heme iron. 

4. The spectrum of the isolated ferriporphyrin chloride in acetone is 
identical with that of the ferriprotoporphyrin chloride obtained from hemo- 
globin. Unlike cytochrome c, the heme and protein of the microsomal cy- 
tochrome are readily separated by acid acetone treatment. 

5. The spectrum of the purified microsomal cytochrome, intermediate 
between that of cytochrome c and particulate mitochondrial cytochrome 
b, gives no evidence of more than one heme protein component, a finding 
supported by the stoichiometry and the sedimentation analysis. 

6. Prolonged electrophoresis reveals the possible presence of two heme 
protein components distinguishable only by a very small difference in net 
charge. 
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THE OXIDATION-REDUCTION STOICHIOMETRY AND 
POTENTIAL OF MICROSOMAL CYTOCHROME* 
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In the preceding report (1) we have described the isolation, as an acidic 
protein of relatively low molecular weight, of the cytochrome component 
of rabbit liver microsomes. Of the various mammalian cytochromes, 
known from their spectra in crude preparations or intact cells, only cyto- 
chrome c has been previously isolated in a form which has permitted 
molecular characterization (2-4). Two properties of cytochrome ec, its 
standard potential and its behavior as a univalent electron acceptor (5), 
have been major considerations in theories of metabolic electron transport. 
This paper deals with the potential and the stoichiometry of the oxidation 
and reduction of the microsomal cytochrome. 


Methods 


Potentials of the cytochrome were calculated from equilibrium measure- 
ments with oxidation-reduction couples of known standard potential. The 
cytochrome was prepared and analyzed by methods which have been de- 
scribed (1). Of the oxidation-reduction dyes in suitable potential range for 
equilibrium measurements, indigo tetrasulfonate, which has been well 
characterized potentiometrically (6), proved most satisfactory. The in- 
digo sulfonates used were samples prepared and analyzed by Dr. P. W. 
Preisler. The second equilibrium system used was that established be- 
tween the cytochrome and mixtures of ferrous and ferric oxalate. Poten- 
tials of the ferrous-ferric oxalate couple were reported by Michaelis and 
Friedheim (7). Ferrous and ferric oxalates have been used in cytochrome 
equilibria by Hill (8). 

Anaerobic Cuvettes—Since many of the reaction systems studied were 
autoxidizable in air, anaerobic conditions had to be maintained. Two 
types of reaction vessel were employed. The first consisted of a square 
Corex cuvette of 1 cm. light path fused to a Thunberg bulb and side arm. 
The second type of cell was a 3 ml. Corex or silica cuvette with a ground 
glass joint and upper assembly as illustrated in Fig. 1. This type of cell 
was used in anaerobic titrations. Additions were made with a calibrated 


* This work was aided by a grant from the American Cancer Society on recom- 
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micro syringe and a No. 22 needle inserted and left in position in the rubber 
injection port. Increments of 0.02 ml. had a precision of about +5 per 
cent, but, since straight lines could be fitted to a sequence of five to fifteen 
points, the over-all precision was better than 5 per cent. 

In practice a small volume of cytochrome solution was pipetted into the 
cell. The upper assembly was inserted and the system was alternately 
evacuated on the water pump and flushed with nitrogen. Buffer, deaerated 
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Fig. 1. Cuvette and upper assembly used in spectrophotometric titrations under 
anaerobic conditions. a, 1 ml. syringe graduated in 0.01 ml. units; b, No. 22 stain- 
less steel needle; c, rubber injection port; d, 12/10 standard taper joint; e, 1 em. square 
cuvette, 3 ml. capacity. 

Fig. 2. A, syringe filter assembly. 1, No. 22 needle; 2 and 6, Luer-Lok needle 
sockets; 3, asbestos filter on stainless steel gauze; 4, gasket; 5, screw seal; 7, 5 or 10 
ml. syringe. Swinney filter adapter obtained from Becton, Dickinson, and Company. 
B, transferring coupler. This is used in transferring leuco dye anaerobically from 
storage syringe, 7, to 1 ml. titration syringe, 8. The No. 22 needle, 9, of the 1 ml. 
syringe passes through the rubber injection port, 10, and through the 1 mm. bore 
capillary and stop-cock. Cut-off needle, 11, is cemented into the capillary. 














with a vigorous stream of nitrogen, was added from a syringe through the 
injection port. The system was again alternately evacuated and flushed 
several times. Nitrogen was left in the gas space during an experiment. 
Even though quite small volumes of reagent were added in oxidative ti- 
trations, the solutions employed had to be deoxygenated. Mixing, after 
addition of reductant or oxidant, was effected by inversion of the cuvette 
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assembly. With Linde nitrogen and the above precautions, the titration 
blanks were negligible, and the reduced cytochrome was stable. 

Leuco Dyes—Dye solutions of somewhat higher than the desired final 
concentrations were reduced with hydrogen and a supported palladium 
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catalyst. These reductions were carried out with the solutions in the cyl- 
inder of a 5 or 10 ml. syringe through which a stream of hydrogen gas was 
wubbled. After reduction, the plunger was rapidly inserted and the hy- 
drogen bubble and some of the solution were ejected through the filter as- 
embly illustrated in Fig. 2. When not in use the needle was sealed by in- 
grtion in a soft rubber stopper. Concentrations of the total and reduced 
dye were determined spectrophotometrically before and after reoxidation. 
final concentrations were adjusted by sucking the appropriate amount of 
deoxygenated buffer into the syringe. In equilibrium titrations an excess 
of the reduced dye was injected directly from the storage syringe into the 
anaerobic cuvette containing the cytochrome solution. A series of equilib- 
ia was then established by addition of increments of standard ferricyanide. 


TaBLeE I 


Millimolar Absorption Coefficients Used in Equilibrium Calculations 























Emu 
Substance pH 

590 my 423 mp 413 my 
Indigo tetrasulfonate, oxidized............. 5.5 22 0.5 0.6 
« 2s Ort (hw daaee sheers 6.3 22 0.5 0.6 
am ” ihe eee ee 6.9 22 0.5 0.6 
- ss eee 5.5 0 7.5 12.5 
" “24 Se OP ee ee 6.3 0 8.9 13.8 
ms sa: Me ko ecu ret 6.9 0 12.5 14.7 

Microsomal cytochrome, oxidized......... 0 65 117 

2 " Ee 0 170 73 





When the leuco dye was used as a reductive titrating agent it was first trans- 
ferred to a smaller syringe through the coupler shown in Fig. 2, B. Other 
solutions used in anaerobic work were deoxygenated and stored in small 
stoppered separatory funnels fitted at the tips with rubber injection ports 
for the removal of samples with a syringe and needle. 

Absorption Coefficients—Absorption coefficients, determined on dye solu- 
tions standardized by weight, were checked by stoichiometric titration of 
the leuco dye in anaerobic cuvettes with standard ferricyanide. In a 2 
dectron change the titration slope, A log(Io/I) weq.— ml.-, is one-half the 
difference between the millimolar absorption coefficients of the oxidized and 








reduced forms of the dye at the wave-length investigated. The absorption 
coefficients of dye and cytochrome used in the equilibrium measurements 
are given in Table I. From optical density measurements at three wave- 
lengths, it was possible to calculate the concentrations of three of the four 
reacting components in the cytochrome-dye equilibrium. The correct ab- 
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solute values of the absorption coefficients are unimportant in the equilib. 
rium measurements, provided that the ratios between them are accurately 
known. 


EXPERIMENTAL 


Oxidative and Reductive Titrations—Buffered cytochrome solutions in 
anaerobic cuvettes were reduced by addition of increments of deoxygenated 
solutions of sodium hydrosulfite, leucoanthraquinone-2 ,7-disulfonate, or 
leucoindigo disulfonate. At pH 5.5, reduction could be effected by injec- 
tion of 0.02 ml. of potassium borohydride, 20 mg. per ml. at pH 9, into the 
deoxygenated cytochrome solution. At the acid pH, the borohydride rap. 
idly decomposes, reducing the cytochrome and liberating the hydrogen. 
After reductions with borohydride, the cuvette was repeatedly evacuated 
and flushed with nitrogen until no more bubbles were formed. Reductions 
were also carried out enzymatically with reduced diphosphopyridine nv- 
cleotide and the microsomal enzyme described in the following report (9), 
Cytochrome reduced by these various methods between pH 5 and 8 was 
titrated with standard ferricyanide. In those cases in which an excess of 
reducing agent was employed, there was an initial plateau in which incre- 
ments of ferricyanide had no effect upon the spectrum. When excess re- 
ducing agent was consumed or if none was initially present, the optical 
densities at wave-lengths affected by the state of oxidation changed linearly 
with increments of ferricyanide until the cytochrome was completely re- 
oxidized. The results of a titration after hydrosulfite reduction are shown 
in Fig. 3. In this titration the optical density of the solution was measured 
at 413, 423, 527, and 555 my after each increment of ferricyanide. Within 
the limits of experimental error the curves, after correction for volume 
changes, are linear, show no significant breaks, and begin and end abruptly. 
The linearity of the titration and the fact that the absorption bands move 
in unison indicate the presence of a single heme protein. Moreover, no 
evidence has been obtained in such titrations for the existence of any inter- 
mediate spectra that cannot be accounted for as the simple sum of the con- 
tributions of the fully oxidized and fully reduced forms present. 

Similar titrations have been carried out by starting with the cytochrome 
in the oxidized form and by using hydrosulfite or leucoanthraquinone-2 ,7- 
disulfonate as the titrating agent. Freshly prepared deoxygenated solt- 
tions of these substances were standardized immediately before and after 
use by spectrophotometric titration of indigo tetrasulfonate. Occasional 
reductive titrations of the cytochrome exhibited a variable initial plateau 
owing to the presence of traces of oxygen or other reducible impurities. No 
consistent evidence could be obtained by this method for the existence of 
any reducible group on the protein other than the prosthetic group. The 
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reductive titration curves were linear with the same slope exhibited in the 
oxidative titrations. Several consecutive cycles of reduction and oxida- 
tion were carried out with the same or different reagents with no sig- 
nificant change in the slopes. 

The slope of an oxidative or reductive titration curve, A log (Io/I) weq.— 
ml.—', for a cytochrome exhibiting a 1 electron change, should be numeri- 
cally equal to the difference between the millimolar absorption coefficients 
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Fig. 3. Oxidative titration of microsomal cytochrome with potassium ferricy- 
anide after reductive titration with sodium hydrosulfite. The ordinate, D,, is the 
optical density at the wave-length, \(mu), which is indicated numerically at each 
curve. The solution contained 0.05 mM potassium phosphate buffer, pH 7.0. The 
initial volume was 2.25 ml., and reduction was effected by stepwise addition of 0.03 
ml. of sodium hydrosulfite solution under anaerobic conditions. Reoxidation was 
effected with 2 X 10-4 m potassium ferricyanide. All optical density readings are 
corrected for dilution by the oxidant. 





pe 


of the oxidized and reduced forms. In twenty-five oxidative titrations 
inthe pH range 5 to 8 on six different cytochrome preparations, the average 
slope at 423 my was 91 with a standard deviation of 7. The slopes of a 
smaller number of reductive titrations fell within these limits. The differ- 
ence in millimolar absorption coefficients at this wave-length is 105. To 
what extent the deviation between these figures results from inaccuracies 
in the methods or from interfering groups or impurities is not yet known. 
The oxidation and reduction correspond to the removal and addition of 1 
electron, determined with an over-all accuracy of +10 per cent. Oxidative 
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titration of reduced cytochrome c, followed at 550 my, showed slopes of 
18.4 to 18.6, whereas the difference in millimolar absorption coefficients of 
the reduced and oxidized forms at this wave-length has been reported to 
be about 18.9 (10). 

Equilibrium with Indigo Tetrasulfonate—Indigo disulfonate had too nega- 
tive a potential to establish easily measurable equilibria with the free cyto- 
chrome, but indigo tetrasulfonate, Eo’ —0.046 at pH 7, established measur- 
able equilibria between pH 5 and 7. A 10- to 20-fold excess of the reduced 
dye was injected into a buffered solution of the cytochrome in an anaerobic 
cuvette. Optical densities were read at 413, 423, and 590 my. A syringe 
containing approximately 10~‘ m ferricyanide was inserted in the injection 
port and readings at the above wave-lengths were taken after each succes- 
sive increment of 0.02 ml. of ferricyanide. Equilibria were established and 
stable before the first reading could be taken. The concentration of the 
oxidized dye was computed from the reading at 590 my. The concentra- 
tion of the reduced dye at each equilibrium point was obtained by differ- 
ence between this value and the total dye concentration checked at the 
end of the experiment from the 590 my reading after complete reoxida- 
tion. The optical density readings at 413 and 423 mu were corrected for 
the dye contributions, and the corrected values were used to compute 
reduced and oxidized cytochrome concentrations by solution of the simul- 
taneous equations 


(1) Das = CoE a12,0 + CrE as.r 
(2) Dyo3 = CoE 423.0 + CrEa2s,+ 


where D is the corrected optical density at the designated wave-length, 
E is the millimolar absorption coefficient, C is the concentration of cyto- 
chrome, and the subscripts 0 and r refer to oxidized and reduced forms. As 
a check on the measurements and calculations, the sums of the concentra- 
tions of the two forms of cytochrome must agree with the initial concentra- 
tion and the final concentration rechecked at 413 my after complete re- 
oxidation. 

The results of the equilibrium titration at pH 5.5 are shown in Table II. 
K’, the equilibrium constant, is seen to hold within reasonably close limits 
between 25 and 83 per cent oxidation of the cytochrome when the reaction 
is formulated as 


(3) (Dye), + 2(ecytochrome), = (dye). + 2(cytochrome),- 
(4) K’ = [dye]. (cuectromely 


_ [dyel, [cytochrome], 





Thus the equilibria are in accord with the titration stoichiometry and indi- 
cate a 1 electron change in the cytochrome. 
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The equilibria may also be expressed in terms of potentials. In this 
method the dye is treated as an oxidation-reduction indicator. At each 
equilibrium point the potential of the indigo tetrasulfonate referred to the 


TaBLeE II 


Oxidation-Reduction Equilibria between Microsomal Cytochrome and Indigo 
Tetrasulfonate at pH 6.5 























[Cytochrome]o 
Equilibrium No. [Dye]o [Dye]- (Cytochrome]> |[Cytochrome], on K’ 
[Cytochrome], 
pu* pM uM pM uM 

1 7.5 58.7 2.67 6.72 | 9.39 | 0.58 
2 10.5 55.4 3.22 6.30 | 9.52 0.73 
3 13.4 52.8 3.84 5.66 | 9.50 0.55 
4 16.3 49.9 3.96 5.52 9.48 0.63 
5 19.4 46.8 4.22 Su 6|lClUC OS 0.59 
6 27 | #26 )> 42g 4.83 | 9.40 0.58 
7 26.2 | 40.0 | 4.70 4.63 | 9.33 | 0.63 
8 30.0 | 36.2 5.07 4.32 9.39 | 0.60 
9 33.9 | 32.3 5.56 | 3.92 9.48 | 0.52 
10 38.1 2.1 | 5.75 | 3.63 9.38 | 0.54 
11 41.6 24.6 | 6.12 3.58 | 9.70 | 0.58 
12 45.4 20.8 6.40 3.13 9.53 | 0.52 
13 49.1 17.1 6.66 2.85 | 9.51 | 0.82 
14 53.2 13.0 7.02 2.53 9.55 | 0.53 
15 56.6 9.6 7.30 2.04 9.34 | 0.46 





The titration was carried out under anaerobic conditions at 26°. The solution, 
2.00 ml. initial volume, contained 0.1 m sodium Versenate, pH 5.5, 9.45 mmmoles of 
microsomal cytochrome per ml., and 66.2 mumoles of indigo tetrasulfonate, oxidized 
plus reduced, per ml. Successive equilibria were established by injection of incre- 
ments of 0.7 X 10-3 m potassium ferricyanide, 0.02 ml. in most cases. 

* Observed optical densities were corrected for dilution by the oxidant. The 
recorded concentrations are thus corrected to correspond to the original 2.00 ml. 
volume. This does not affect the calculation of A’ and facilitates the summation 
in the sixth column as a check on the analysis and the recovery of the cytochrome. 


normal hydrogen electrode is given by the relation 


lyel. 
6) E = Ey! + Son (2) 


2F  \[dyel, 


~ 


and can be computed since Ey’ as a function of pH is known (6) and the 
concentration term is measured. At equilibrium, the cytochrome potential 
is the same as that of the dye. Accordingly in Fig. 4, the computed value 
of FE at each equilibrium point is plotted against the fraction of the cyto- 
chrome in the oxidized form. The solid curves are the theoretical curves 
for a substance undergoing a 1 electron change, corresponding to a numeri- 
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cal factor of 1 instead of 2 in the denominator of the second term on the 
right in Equation 5. As would be expected from the data in Table IT, the 
points fall on the potential curves for a 1 electron change. ,’ is the po- 
tential at the mid-point of the curve. As the pH is increased, the E,’ of 
the cytochrome and that of the dye diverge so that the range of the titra- 
tion curve that can be covered by equilibrium measurements becomes pro- 
gressively more limited. At pH 6.9 it is necessary to extrapolate to the 
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Fig. 4. Potentials of the microsomal cytochrome calculated from equilibria with 
reduced and oxidized indigo tetrasulfonate at 26°. Temperature in these and other 
experiments was controlled with thermal spacers around the carriage compartment 
of the spectrophotometer. These were connected to a circulating water bath. 


mid-point from experimental points which do not quite fit the theoretical 
curve. 

Equilibria with Ferrous and with Ferric Oxalate—The E,’ of the ferrous- 
ferric oxalate couple is close to zero below pH 7 and is independent of pH. 
Near pH 7, the Ey’ curve assumes a slope of —0.06 volt per pH unit ac- 
cording to potentiometric measurements (7). Using the equilibrium titra- 
tion method described in the preceding section, we measured equilibria 
between ferrous and ferric oxalate and the indigo tetrasulfonate couple over 
the pH range 5.2 to 8.5. The values of EF,’ for the ferrous-ferric oxalate 
couple calculated from these measurements were in fair agreement with 
the potentiometric values. Corresponding experiments were therefore un- 
dertaken with the cytochrome in place of the dye. 
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Buffered solutions of the cytochrome containing 0.5 m sodium oxalate 
and 0.001 m ferric ammonium sulfate were prepared in anaerobic cuvettes. 
Measured increments of freshly prepared deoxygenated ferrous ammonium 
sulfate were then added from a syringe, and readings were taken after each 
addition at 413 and 423 my. The potential at each equilibrium point was 
calculated from the Ey’ and known concentrations of ferric and of ferrous 
oxalate by the relation analogous to Equation 5 for a 1 electron change. 
Reduced and oxidized cytochrome concentrations were computed as before 
by Equations 1 and 2. The £,’ values of the cytochrome derived from 
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Fic. 5. The apparent standard potential, Zo’, of the microsomal cytochrome as 
a function of pH at 26°. O, indigo tetrasulfonate equilibria; @, ferric-ferrous 
oxalate equilibria. The upper curve is from the data of Rodkey and Ball (5). 


these results and from the indigo tetrasulfonate equilibria are shown in 
Fig. 5 as a function of pH. Between pH 5.2 and 6.3 the results by the two 
methods are in fair agreement and indicate a potential, Ey’, between 
+0.03 and +0.025 volt for the free cytochrome. Since the criteria for 
equilibria were satisfactory and since the concentrations of all of the react- 
ing components were measured, the assignment of the cytochrome poten- 
tial depends chiefly upon the published standard potentials of the reference 
compounds. Internal consistency between the published values for fer- 
rous-ferric oxalate and indigo tetrasulfonate was established by titrating 
them against each other. At pH values above 6.5 there is indication of 
4 negative slope in the EH’ versus pH curve for the cytochrome which is 
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smaller than that predicted for either a 1 or a 2 electron change. Because 
of limitations of the methods in this pH region, we are reluctant to accept 
or interpret any apparent EZ,’ versus pH slope for the cytochrome at the 
present time. Spectral criteria and stoichiometric titrations are in accord 
with a 1 electron change for the cytochrome, both in the acid and in the 
alkaline pH regions. 


DISCUSSION 


The potential of the free microsomal cytochrome at pH 7 is more than 
0.1 volt higher than values reported for the pigment in particulate suspen- 
sion (11, 12). The question is naturally raised as to whether the cyto- 
chrome has become altered during its isolation, possibly in the incom- 
pletely defined enzymatic step in its preparation (1). It should be 
noted, however, that no evidence for such a change is provided by com- 
parison of the spectra of the free and bound forms of the cytochrome (1), 
As shown in the following report (9), the cytochrome also has specific en- 
zymatic properties. Aspects of similar problems concerned with the status 
of free cytochrome c are discussed in a recent paper by Keilin and Hartree 
(13). 

A difference in the apparent standard potential of the free and bound 
forms of a reversibly oxidizable and reducible substance is not without 
precedent. An immediate case in point is the ferric-ferrous oxalate system 
employed in the present work. The ferric-ferrous couple in oxalate com- 
plex has a potential about 0.8 volt lower than values obtained in the ab- 
sence of such a complex-forming agent. The large shift in the equilibrium 
of the alcohol dehydrogenase reaction in the presence of stoichiometric con- 
centrations of the enzyme results from differential complex formation of 
the reduced and oxidized forms of diphosphopyridine nucleotide by the 
protein (14, 15). A shift would occur in the presence of any differential 
complex-forming agent, not necessarily the enzyme catalyzing the reaction. 
In a thermodynamic treatment, the equilibrium shift emerges as a change 
in standard potential of the nucleotide. The potential shift which occurs 
on liberation of the microsomal cytochrome from its particulate complex 
may perhaps be attributed to a differential interaction of the reduced and 
oxidized cytochrome with one or more components of the microsomal par- 
ticle. This does not eliminate the problem of possible alteration of the 
protein during its isolation but raises the question of the nature of the 
binding. The potential shift may be of purely thermodynamic interest, or 
it may reflect fundamental differences in the mechanisms of reaction of the 
free and bound cytochrome. 

The free microsomal cytochrome, like cytochrome c, behaves as a uni- 
valent electron donor and acceptor. The idea that electrons move, one at 
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a time, through a cytochrome sequence, extrapolated from the behavior 
of cytochrome c, has posed one of the many difficult problems in the under- 
standing of the chemical coupling between electron transport and biochem- 
ical synthesis, since the latter process is most readily understood in terms 
of a 2 electron reaction. 


SUMMARY 


1. Methods are described for carrying out spectrophotometric, oxidative, 
and reductive titrations of autoxidizable compounds under anaerobic con- 
ditions. These methods have been applied to the low molecular weight 
cytochrome isolated from liver microsomes. 

2. The absorption bands of the cytochrome move linearly and in unison 
with increments of an oxidizing or reducing agent. This is interpreted as 
evidence for the presence of a single heme protein. 

3. Oxidation-reduction equilibria have been measured between the cyto- 
chrome and indigo tetrasulfonate and the cytochrome and ferrous-ferric 
oxalate. From the equilibrium measurements the standard potential, 2)’, 
of the cytochrome at pH 7 is calculated to be +0.02 volt. 

4. From stoichiometric, oxidative, and reductive titrations and from oxi- 
dation-reduction equilibria the cytochrome behaves as a univalent electron 
donor and acceptor. 
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A MICROSOMAL CYTOCHROME REDUCTASE SPECIFIC FOR 
DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By PHILIPP STRITTMATTER anv SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missouri) 


(Received for publication, October 12, 1955) 


Intact liver microsomes catalyze a rapid reduction of cytochrome c¢ by 
DPNH (1, 2).!. Several workers have studied both this cytochrome c re- 
duction and the reduction of the particulate microsomal cytochrome with 
either DPNH or TPNH as electron donor (3-5). The isolation and char- 
acterization of the microsomal cytochrome in free soluble form have been 
described in the preceding papers (6, 7). This report describes the prepa- 
ration of soluble protein fractions of microsomes containing all of the re- 
ductase activities observed with the intact microsomes, and the isolation 
and properties of a specific DPN H-microsomal cytochrome reductase. The 
DPNH-microsomal cytochrome reductase is totally inactive against cyto- 
chrome c, but, since the reduced microsomal cytochrome reacts rapidly 
with cytochrome c, it completes a DPNH-cytochrome c reductase system 
involving a cytochrome to cytochrome electron transfer. 


Methods 


The Beckman model DU spectrophotometer, calibrated against several 
emission bands of a mercury arc, was used for most of the assays. An- 
aerobic techniques, when required, were similar to those previously described 
(7). In the case of the microsomal cytochrome, the Emm at 423 my during 
reduction was taken as the average of values obtained from quantitative 
absorption spectra and titration experiments (6, 7). With assay systems 
containing both the microsomal cytochrome and cytochrome c, the reduc- 
tion of the cytochrome c was followed at 550 mu. The contribution of the 
microsomal cytochrome to spectral changes at this wave-length was neg- 
ligible for the following reasons: (a) cytochrome c was always present in a 
5- to 20-fold molar excess, (b) the molar absorption change at 550 my is 
three times greater for cytochrome c than for the microsomal cytochrome, 
and (c), during cytochrome c reduction with the microsomal cytochrome as 


*This work was aided by a grant from the American Cancer Society on recom- 
mendation of the Committee on Growth of the National Research Council. 

1 The following abbreviations are used: DPNH, reduced diphosphopyridine nu- 
cleotide; TPNH, reduced triphosphopyridine nucleotide; Versene, trade name for 
ethylenediaminetetraacetic acid; Tris buffer, a buffer prepared from tris(hydroxy- 
methyl)aminomethane; PCMBS, p-chloromercuribenzene sulfonate. 
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intermediate electron carrier, the microsomal cytochrome is in a predom- 
inantly oxidized steady state which changes only slightly throughout most 
of the reaction (Table I). 

The measurement of protein concentration in the purified reductase prep- 
arations was based upon the 280 my absorption maximum, assuming a 
specific absorption coefficient of 1 cm.? mg.-'. This method was employed 
only when the preparations were essentially free of nucleotide as judged 
from the optical density ratios at 260 to 280 mu. 

The various substituted indigo dyes were synthesized by Dr. P. W. 
Preisler. Other dyes used were commercial preparations from various 
sources. The beef heart preparation of cytochrome c and the PCMBS 
(8), TPNH, and DPNH were products of the Sigma Chemical Company. 


TABLE [| 





| 








Material reduced |  Wave-length aS 
| my | 

ee el Shtkcah vas eneapecns: | 340 | 6.25 
ne Lyn eG tel at de 550 | 18.5 
Microsomal cytochrome............ pe hate b as Mees | 423 100 
BRIGERO CPIMTIIOMALE. 0085 sissies beni 600 —21 
Indigo tetrasulfonate. ... ary A 590 | —22 
Thio indigo tetrasulfonate........... res 540 —14.8 


Dichlorophenolindophenol........... Sse ators 610 —15.5 





* Optical density change of DPNH followed. 


The ammonium sulfate solutions, sucrose media, and the microsomal 
cytochrome were prepared as previously described (6). 


EXPERIMENTAL 
Preliminary Experiments 

Initial experiments, in agreement with the results of other workers, 
showed that microsome suspensions catalyze the rapid reduction of cyto- 
chrome c by DPNH and TPNH at neutral and slightly alkaline pH values. 
When the free microsomal cytochrome was tested in such systems, it also 
was rapidly reduced by both DPNH and TPNH in the presence of a very 
dilute microsome suspension. 

The various ammonium sulfate fractions obtained in the preparation of 
microsomal cytochrome (6) were examined for activity in the reduction of 
cytochrome c and the microsomal cytochrome. The lipase-treated pro- 
tein fraction, which precipitated between 50 and 65 per cent saturation of 
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ammonium sulfate, catalyzed the reduction of both cytochromes with ei- 
ther DPNH or TPNH as electron donor. However, the ratios of activi- 
ties for DPNH and TPNH and for cytochrome c and microsomal cyto- 
chrome were found to be variable in several preparations and in various 
ammonium sulfate fractions of the same preparation. 

Further fractionation with ammonium sulfate of the original 50 to 65 
per cent saturated ammonium sulfate fraction yielded a preparation which 
catalyzed cytochrome c reduction twenty times more rapidly with TPNH 
than with DPNH as electron donor. Cytochrome c with TPNH as donor 
was reduced twenty to thirty times more rapidly than the microsomal 
cytochrome, and added microsomal cytochrome had no effect on the 
rate of cytochrome c reduction. This crude preparation of TPNH-cyto- 
chrome c reductase may be similar to that isolated by Horecker from 
acetone powders of whole liver (9). Further discussion of the micro- 
somal-TPNH enzyme will be deferred until further purification and a 
more critical survey of its properties have been completed. 

Whereas the addition of microsomal cytochrome had no effect on the 
TPNH-cytochrome c reductase described above, this was not true of the 
DPNH activity in the same preparation. The rate of cytochrome c reduc- 
tion was markedly increased by the addition of catalytic amounts of micro- 
somal cytochrome to a system containing DPNH, cytochrome c, and cata- 
lytic amounts of the 50 to 65 per cent ammonium sulfate fraction. This 
result suggested that the soluble protein fraction contained an enzyme 
which was specific for DPNH as donor and the microsomal cytochrome as 
acceptor. The reduction of cytochrome c in such a system could occur by 
direct electron transfer between the two cytochromes. After examining a 
number of fractionation methods, the procedure described in the following 


section yielded preparations of the specific DPN H-microsomal cytochrome 
reductase. 


Preparation of DPNH-Microsomal Cytochrome Reductase 
from Rabbit Liver 


The DPNH-microsomal cytochrome reductase was usually prepared from 
thirty rabbits. Step 1 is carried out with two rabbits at a time, and the 
resulting microsome suspensions are stored until all thirty rabbit livers 
have been carried through this step. Step 3 is very similar to the alcohol 
extraction procedure used so successfully by Mahler, Sarkar, Vernon, and 
Alberty (10) in preparing cytochrome c reductase from sarcosomes. The 
temperature is maintained at 3-8° in all the steps unless otherwise indi- 
cated. 

Step 1—The procedure is identical to Step 1 in the preparation of micro- 
somal cytochrome (6). 
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Step 2—Approximately 6 to 8 liters of supernatant fluid from Step 1 are 
carried through this step and Step 3 separately. (This volume choice is 
limited only by the centrifuges available.) The pH of 8 liters of super- 
natant fluid is brought to 5.4 by the dropwise addition of 1 N hydrochloric 
acid, and the mixture is quickly centrifuged to yield a packed precipitate. 
By using two International centrifuges with six 250 ml. cups at 1500 X g 
for 20 minutes and four Servall centrifuges at 12,000 X g for 5 minutes, 
this is accomplished in approximately 1 hour. The packed pellets are re- 
suspended with a Waring blendor in 3 volumes of distilled water per weight 
of liver used and again centrifuged in the same way to yield a packed pre- 
cipitate. 

Step 3—The pellets from Step 2, derived from fifteen rabbits, are sus- 
pended with a Waring blendor in 500 ml. of 10 per cent ethanol. The 
temperature is raised to 42-43° in 5 minutes by vigorous stirring in a 65° 
water bath, maintained at this temperature for 12 minutes with gentle 
stirring, and finally lowered rapidly in a salt ice bath to 5°. The thick 
suspension is centrifuged in Servall centrifuges at 15,000 X g for 10 min- 
utes, and the resulting supernatant fluid filtered through Whatman No. 1 
filter paper. Lyophilization of this slightly opalescent fluid containing the 
reductase yields 12 to 16 gm. of cream-colored powder from a total of thirty 
rabbit livers. It can be stored in this form at —20° with no appreciable 
loss in activity for at least several months. 

Further Purification—Two preparations were carried to further stages of 
purification. In Preparation F-1, 3.5 gm. of lyophilized alcohol extract 
were dissolved in 10 ml. of 0.1 m Tris, pH 7.30, and centrifuged at 90,000 x 
gfor 1 hour. The clear supernatant fluid was dialyzed against 0.1 m Tris, 
pH 7.30, and then subjected to electrophoresis in a 13 ml. Tiselius cell for 
two 24 hour periods. A 10 ma. current was employed with intermittent 
compensation of the boundaries. The ascending side, which moved to the 
anode, was arbitrarily sampled at three intervals and assayed. The com- 
ponent containing the highest specific activity was diluted to 200 ml. and 
used as Preparation F-1. Preparation F-2 was made as follows: (a) 13 
gm. of alcohol extract powder were dissolved in a total volume of 43 ml. 
with 0.1 m Tris, pH 7.5; (b) the protein fraction precipitated between 50 
and 80 per cent saturation of ammonium sulfate was obtained; (c) precip- 
itate (b) was dissolved in 13 ml. of 0.1 m Tris, pH 7.5, and dialyzed against 
0.1 m Tris, pH 7.15; (d) the dialyzed precipitate was centrifuged at 90,000 X 
g for 1 hour, and the clear supernatant fluid was subjected to electrophoresis 
at 11 ma. for 26 hours; (e) the top 5 cm. of solution at the anode side, con- 
taining the reductase of highest specific activity, were drawn off and again 
fractionated with ammonium sulfate to obtain the precipitate from 50 to 
70 per cent saturation. This precipitate was dissolved in 20 ml. of 0.1 M 
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Tris, pH 7.5. A summary of the specific activities and recoveries with 
these preparations is presented in Table II. All the preparations were 
stored at —20° for at least 1 month without appreciable loss of activity. 


TABLE II 
Summary of Reductase Preparations 


| Specific activity ,* micromoles 
Preparation Per cent recovery cytochrome reduced per min. 


Per mg. of material 














Lyophilized alcohol ex- 100 (Assumed) 0.08 
tract 





Per mg. of protein 





F-1 40 0.35 
F-2 30 4.3 











* Assay system: aerobic; temperature 20°; 0.1 umole of cytochrome c, 0.01 umole of 
microsomal cytochrome, 0.2 umole of DPNH; buffer, 0.1 m Tris containing 0.001 m 
Versene, pH 8.0; volume, 1.00 ml. 
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Fig. 1. A, reduction of microsomal cytochrome. System: 0.02 ml. of microsomal 
cytochrome, 0.014 umole; 0.02 ml. of reductase, Preparation F-1; 0.02 ml. of DPNH, 
0.02 umole; 1.76 ml. of 0.1 m Tris plus 0.001 m Versene, pH 8.0; anaerobic conditions, 
20°. B, reduction of cytochrome c. System: 0.10 ml. of cytochrome c, 0.085 umole; 
0.04 ml. of reductase, Preparation F-1; 0.78 ml. of Tris, 0.1 m, pH 8.0; 0.02 ml. of 
DPNH, 0.2 umole; aerobic conditions, 20°. After 5 minutes 0.006 umole of microso- 
mal cytochrome was added. 


Properties of DPNH-Microsomal Cytochrome Reductase 


Specificity; Electron Donors—The reductase system is specific for DPNH; 
ho appreciable reduction of microsomal cytochrome occurs when TPNH is 
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added to the reductase as electron donor. Succinate is also totally in- qu 
active with this enzyme. cy 

Specificity; Electron Acceptors—The DPNH enzyme shows a second mi 
high degree of specificity in that it will catalyze the reduction of microsomal in 


























the 
TaBLeE III 
Activity of DPNH-Microsomal Cytochrome Reductase with Various Acceptors in Place 
of Cytochrome 
Concentration ; 
Acceptor Condition* — 
Of acceptor | Of DPNH 
M M 
Indigo monosulfonate 3.3 X 7 X 10-5 | Anaerobic 0 
10° 
‘¢  disulfonate 3.3 X 7 X 10-° | Anaerobic 0 
10-* 
‘*  trisulfonate 3.3 X 7 X 10-5 | Anaerobic 13 
10-3 
«*  tetrasulfonate 3.3 X 7 X 10-* | Anaerobic 28 
10-3 
Methylene blue 3.3 X 7 X 10-5 | Anaerobic 0 
10-3 
2,6-Dichlorophenolindophenol 3.3 X 7 X 10-5 | Anaerobic 18 
10-3 
Ferricyanide 5 X 10-* | 1 X 10°-* | Aerobic or 100 
to 10-* to 10-° anaerobic 
Microsomal cytochrome 1X 10-5 | 5 X 10-§ | Anaerobic 13 
to 10-*| Aerobic 11 F. 
Cytochrome c 1X 10-* | 1 X 10-4 “ 0 mea; 
‘ “*4+ 10-5 m microsomal | 1 X 10-4 | 1 X 10-4 | 23 ing ( 
cytochrome | 0.25 
me pota: 








* The assays were run at 22-25° in 0.1 m Tris buffer or 0.1 m Tris plus 0.001 m [and ( 
Versene at pH 8.0. Two reductase preparations were used in amounts which gave | tive! 
conveniently measurable rates for each substance tested as an acceptor. In each | lent: 
case assays were run under identical conditions with ferricyanide as acceptor to pro- 


vide a point of reference. T: 

num 
cytochrome but is totally inactive towards cytochrome c. The reduction J j, ,,, 
of microsomal cytochrome in an anaerobic system is shown in Fig. 1,4. J fou, 
In contrast (Fig. 1, B), no reduction of cytochrome c occurs during 5 min- ‘etre 
utes of incubation with DPNH and the reductase. Rapid and complete} ,/4;, 
reduction of cytochrome c occurs, however, when catalytic amounts of the quite 
microsomal cytochrome are added. The microsomal cytochrome thus acts | ¢¢ ,, 


here as an electron carrier between DPNH and cytochrome c. Such sys- vk 


tems are used in many of the remaining experiments since they provide a | fo,,;, 
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quick, aerobic method that requires only small amounts of the microsomal 
cytochrome and accurately measures the activity of the reductase for the 
microsomal cytochrome. A comparison of the relative rates of reduction 
in Fig. 1, A and Fig. 1, B cannot be made because the concentrations of 
the reacting substances were varied in these experiments. 





BUFFER ACCEPTOR 
e Acetate A-Ferricyanide 
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Fic. 2. pH optimum of the DPNH-microsomal cytochrome reductase. All the 
measurements were made aerobically at 25° in 0.1 m acetate or Tris buffers contain- 
ing 0.001 m Versene. Final volumes were 1.0 ml., and each test solution contained 
0.25 umole of DPNH and 0.01 ml. of reductase, Preparation F-1. A, 0.3 umole of 
potassium ferricyanide as final acceptor. B, 0.02 umole of microsomal cytochrome 
and 0.1 umole of cytochrome c as accepting system. As shown in Table III, the rela- 
tive rate of ferricyanide to microsomal cytochrome reduction at pH 8.0 and at equiva- 
lent concentrations is approximately 5:1. 


Table III summarizes the activity of the DPNH dehydrogenase for a 
number of acceptor compounds. The enzyme, under the assay conditions, 
ismost active with ferricyanide as acceptor. Ferricyanide is reduced from 
four to eight times more rapidly than microsomal cytochrome, thio indigo 
tetrasulfonate, or 2,6-dichlorophenolindophenol. While the reductase is 
active with both 2,6-dichlorophenolindophenol and ferricyanide, it was 
quite inactive as a catalyst for the reduction of three different preparations 
of methylene blue. 

pH Optima—The pH activity curve for DPNH reductase with either 
ferricyanide or microsomal cytochrome as acceptor appears in Fig. 2. Fer- 
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ricyanide is reduced at a maximal rate at a quite acid pH, approximately ag 
5.3, but shows a rather broad optimal pH range from 5.0 to 8.5. The rate wl 
of microsomal cytochrome reduction, assayed here with cytochrome c as ce 
the final electron acceptor, while maximal at pH 8.5, is also high over a ag 
rather broad region from pH 5.5 to 9.0. ch 
Flavin Content—Analyses of Preparation F-2 of the reductase for flavin Ox 
by the method of Burch, Bessey, and Lowry (11) were carried out by Dr. eit 
Helen B. Burch. There were 0.4 X 10-* micromoles of total flavin per mg. of 
of protein. If the total flavin content of the still crude preparation func- th 
tioned as a prosthetic group, the activity would correspond to 11,000 moles sy. 
frc 
TaBLeE IV ch 
Inhibition of Microsomal Cytochrome Reductase by Chelating Agents ph 
Chelating agent Concentration Acceptor ne cot 
M 

Versene 0.001 Microsomal cytochrome* 0 wh 
si 0.10 = ss 74 wo 
i 0.10 Ferricyanide 0 tot 
Sodium pyrophosphate 0.004 Microsomal cytochrome* 41 DI 

“ . 0.008 ‘ . 63 
“ " 0.010 “ + 66 vg 
ny " 0.010 Ferricyanide 0 du 
enc 





Assay system: aerobic, 20°; 0.02 ml. of DPNH, 0.2 umcle; 0.04 ml. of reductase, of 
Preparation F-1; Tris buffer, pH 8.0, 0.1 m, to a final 1.00 ml.; where indicated, 0.10 ‘ 
ml. of cytochrome c, 0.1 umole and 0.10 ml. of microsomal cytochrome, 0.01 umole 


or 0.09 ml. of 0.01 m potassium ferricyanide were added. In 


* A small amount of the microsomal cytochrome was added as initial acceptor the 
from the reductase and allowed to transfer electrons to a larger amount of cyto- the 
chrome c for optical measurement. is s 
of microsomal cytochrome reduced per minute per mole of flavin. How- “4 
ever, no direct evidence for the involvement of flavin in this reductase ay 
system has yet been obtained. alt 

Effect of Antimycin A and Dinitrophenol—Antimycin A at concentrations } ,,, 
of 10 to 50 y per ml. had no effect either on the rate of microsomal cyto- phe 
chrome reduction anaerobically or on microsomal cytochrome reduction | ,,, 
aerobically with cytochrome c as final electron acceptor. Dinitrophenol nie 
also had no effect on reductase activity at a concentration of 10-* to 10~* M. the 


Sulfhydryl Inhibition—The reduction of both ferricyanide and micro- | 4;,; 
somal cytochrome by DPNH and reductase is completely inhibited by 10° } 44, 
to 10-* m PCMBS. a 

Effect of Chelating Agents—The effects of Versene and sodium pyrophos- | },,,, 
phate on the DPNH reductase are summarized in Table IV. Neither re- (e) 
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agent has an effect on the rate of ferricyanide reduction at concentrations 
which do inhibit systems containing microsomal cytochrome as initial ac- 
ceptor and cytochrome c as the final acceptor. The inhibition by chelating 
agents is an effect on electron transfer from reductase to microsomal cyto- 
chrome and not on microsomal cytochrome to cytochrome c transfer. The 
oxidation of microsomal cytochrome by cytochrome c is not affected by 
either 0.1 m Versene or 0.1 M sodium pyrophosphate. Low concentrations 
of Versene (10 to 3 m) also do not inhibit microsomal cytochrome reduction; 
therefore, this concentration of chelating agent was added to many assay 
systems to protect the very sensitive sulfhydryl groups on the reductase 
from any possible heavy metal inactivation. The DPNH-microsomal cyto- 
chrome reductase was inhibited by relatively lower concentrations of pyro- 
phosphate and 0.1 m Versene. 


DISCUSSION 


The large fraction of DPNH-cytochrome c reductase activity of liver 
which is contained in the microsome fraction (2) is shown by the present 
work to consist in part of a DPN H-specific dehydrogenase which, although 
totally inactive with cytochrome c, catalyzes the transfer of electrons from 
DPNH to the microsomal cytochrome. Since the latter cytochrome re- 
acts directly with cytochrome c, it completes a DPNH-cytochrome c re- 
ductase system by acting as an intermediate electron carrier. The exist- 
ence of cytochrome specificities of this type, implicit in current concepts 
of cytochrome action, had hitherto not been established experimentally. 

The properties of the DPNH-microsomal cytochrome reductase, unique 
in terms of the cytochrome specificity, resemble in some respects those of 
the DPNH-cytochrome c reductase of heart sarcosomes (10, 12-14), al- 
though there is by no means a complete correspondence in properties. This 
is shown by the following comparisons: (a) DPNH serves as substrate for 
both enzymes while TPNH is totally inactive. (b) The heart enzyme does 
not reduce the microsomal cytochrome but reduces cytochrome c rapidly 
in the absence of added cofactors. The microsomal enzyme does not react 
with cytochrome c but reduces the microsomal cytochrome. (c) Both 
enzyme preparations catalyze the reduction of 2,6-dichlorophenolindo- 
phenol, exhibiting the so called diaphorase activity. In addition the mi- 
crosomal cytochrome reductase shows a high activity with ferricyanide as 
acceptor, an activity not shown by the heart enzyme. (d) In contrast to 
the rather sharp pH optimum of cytochrome c reductase with either 2 ,6- 
dichlorophenolindophenol or cytochrome c as acceptor, microsomal cyto- 
chrome reductase has a quite broad pH optimum when either ferricyanide 
or microsomal cytochrome is reduced. It may be especially significant 
here that the microsomal cytochrome reductase is a cruder preparation. 
(e) The reductases are similar in their high degree of sensitivity to sulf- 
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hydryl reagents. (f) The cytochrome c reductase of heart is a flavopro- 
tein. The microsomal cytochrome reductase preparation contains flavin 
but it has not yet been possible to demonstrate the direct participation of 
flavin in the reductase system. (g) Finally, microsomal cytochrome re- 
ductase shows the same extreme sensitivity to chelating agents that is ex- 
hibited by cytochrome c reductase. In the case of cytochrome c reductase, 
analysis of the enzyme for iron and experiments demonstrating the partial 
reactivation of acid preparations by ferric chloride have led to a proposed 
mechanism for this enzyme involving a DPNH to flavin to metal to cyto- 
chrome electron transfer system (14, 15). 


SUMMARY 


1. The various cytochrome reductase activities observed in microsome 
suspensions have been obtained in soluble protein fractions. 

2. A reductase specific for both DPNH and for microsomal cytochrome 
has been isolated and found to be completely inactive with TPNH as elec- 
tron donor or with cytochrome c as electron acceptor. Since microsomal 
cytochrome is rapidly reoxidized by cytochrome c, the microsomal cyto- 
chrome completes a DPNH-cytochrome c reductase system involving a 
cytochrome to cytochrome electron transfer. 

3. The reductase also catalyzes the reduction of ferricyanide, indigo tri- 
and tetrasulfonates, and 2 ,6-dichlorophenolindophenol. 

4, The reduction of both ferricyanide and microsomal cytochrome is 
completely inhibited by 10-' m PCMBS. 

5. While low concentrations of chelating agents inhibit microsomal cyto- 
chrome reduction, the rate of ferricyanide reduction is unaffected by these 
reagents. 


BIBLIOGRAPHY 
1. Potter, V. R., J. Biol. Chem., 165, 311 (1946). 
2. Hogeboom, G. H., J. Biol. Chem., 177, 847 (1949). 
3. Strittmatter, C. F., and Ball, E. G., Proc. Nat. Acad. Sc., 38, 19 (1952). 
4. Chance, B., and Williams, G. R., J. Biol. Chem., 209, 945 (1954). 
5. Bailie, M., and Morton, R. K., Nature, 176, 111 (1955). 
6. Strittmatter, P., and Velick, 8. F., J. Biol. Chem., 221, 253 (1956). 
7. Velick, S. F., and Strittmatter, P., J. Biol. Chem., 221, 265 (1956). 
8. Velick, 8. F., J. Biol. Chem., 208, 563 (1953). 
9. Horecker, B. L., J. Biol. Chem., 183, 593 (1950). 
10. Mahler, H. R., Sarkar, N. K., Vernon, L. P., and Alberty, R. A., J. Biol. Chem., 


199, 585 (1952). 
11. Burch, H. B., Bessey, O. A., and Lowry, O. H., J. Biol. Chem., 176, 457 (1948). 
12. Edelhoch, H., Hayaishi, O., and Teply, L. J., J. Biol. Chem., 197, 97 (1952). 
13. Vernon, L. P., Mahler, H. R., and Sarkar, N. K., J. Biol. Chem., 199, 599 (1952). 
14. Mahler, H. R., and Elowe, D. G., J. Biol. Chem., 210, 165 (1954). 
15. Mahler, H. R., Résumé des communications, 3° Congrés International de Bio- 
chimie, Brussels, 108 (1955). 





bet 
ext 
tior 
lar 
nes: 
stal 
hav 
a-cl 
gati 
cuss 
met 
beli 
the 
twe 
qua 
kine 
port 
ing | 


M 
inve 
cedu 
lyop 
HCl 
conc 
ing 1 

es 


searc 
es 
of th 
2¢ 


XUM 


ome 


ome 
elec- 
ymal 
yy to- 
ng a 


) tri- 
ne is 


cyto- 
these 


Chem., 
948). 
52). 
(1952). 


de Bio- 





THE INFLUENCE OF pH ON THE KINETIC CONSTANTS 
OF a-CHYMOTRYPSIN-CATALYZED ESTEROLYSIS* 


By LEON W. CUNNINGHAM anp CHARLES 8. BROWN 


(From the Department of Biochemistry, Vanderbilt University 
School of Medicine, Nashville, Tennessee) 


(Received for publication, November 14, 1955) 


Determination and comparisons of the kinetic constants for the reactions 
between a-chymotrypsin and various simple synthetic substrates have been 
extensively made. Several improvements in the mathematical interpreta- 
tion of such reactions have resulted, and valuable insights into the molecu- 
lar basis of enzyme specificity have been obtained (1-6). The wide useful- 
ness of a-chymotrypsin in such studies is attributable to its availability, 
stability, and apparent purity. Recent investigations (7, 8), however, 
have raised doubts as to the molecular homogeneity of preparations of 
a-chymotrypsin. We have recently reported! briefly on a kinetic investi- 
gation into this problem. The present paper presents a more detailed dis- 
cussion of these studies and includes the results of the extension of these 
methods to closely related systems. These studies were undertaken in the 
belief that knowledge of the pH-dependence of the catalytic functions of 
the enzyme might contribute to the understanding of the relationship be- 
tween molecular heterogeneity and enzymatic activity. In addition, the 
quantitative description of pH-dependence in terms of the fundamental 
kinetic constants of an enzymatic reaction, such as has recently been re- 
ported by Gutfreund (9) for trypsin, should be of value to an understand- 
ing of the reaction mechanism. 


EXPERIMENTAL 


Materials—The a-,? B-, and y-chymotrypsin preparations used in these 
investigations were prepared by the ammonium sulfate fractionation pro- 
cedure of Northrop et al. (10) and were stored in the cold as salt-free, 
lyophilized powders. Each day, fresh enzyme was dissolved in 0.001 Nn 
HCl and stored at 5-10° for use as a stock enzyme solution. All enzyme 
concentrations were determined spectrophotometrically at 282 my, by us- 
ing the relation, mg. of N per ml. = 0.0763 X optical density (7). 


* This investigation was supported by a research grant from the Division of Re- 
search Grants, National Institutes of Health, United States Public Health Service. 

1 A preliminary report of this work was presented before the Forty-sixth meeting 
of the American Society of Biological Chemists at San Francisco, April, 1955 (1). 

* Obtained through the generosity of Dr. Jules A. Gladner and Dr. Hans Neurath. 
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Acetyl-L-tryptophan? and acetyl-L-tryptophan ethyl ester were commer- 
cial products (Mann Research Laboratories). All preparations of ATrEE 
that were used in experiments reported here were shown by paper chroma- 
tography to be free of contamination with ATr. Acetyl-L-tyrosine ethyl 
ester was prepared according to a published procedure (11). Stock solu- 
tions of 0.0100 m ATEE and 0.0067 m ATrEE in water could be prepared 
by warming suspensions of these compounds to 85°. Upon rapid cooling 
to room temperature, clear supersaturated solutions of these slightly solu- 
ble compounds were obtained which were stable for periods up to 12 hours. 
Concentrations of these solutions calculated from maximal enzymatic re- 
lease of hydrogen ions agreed well with the weight concentrations. 

All other materials were of reagent grade. 

Methods—The usual continuous potentiometric titration method for 
following esterolytic reactions was employed (7, 12). The assay mixture 
consisted usually of 10 ml. of substrate, 0.5 ml. of 2.4 m CaCl, 0.5 ml. of 
0.08 m buffer, and 1.0 ml. of enzyme solution. Thus, the final concentra- 
tion of CaCl, was 0.1 mM. The dependence of k; and of an apparent K, on 
the ionic strength of the assay mixture has been noted by several investi- 
gators (13, 14). The use of CaCl, in the concentration mentioned is suffi- 
cient to prevent erratic results from variations in ionic strength owing to 
the addition to the reaction mixture of other ionic components such as com- 
petitive inhibitors, and to give near maximal values for k;. When the 
volume of substrate added was varied, the total volume was brought to 12 
ml. by the addition of distilled water. The standard base used for titra- 
tion was usually 0.1 n NaOH, but 0.02 n NaOH was employed in runs in 
which the substrate concentrations were too low for use of the more con- 
centrated base. 

All pH measurements were made with a Cambridge model R pH meter 
standardized at pH 4 with 0.05 m potassium acid phthalate. 


Results 


Determination of Kinetic Constants of ATrEE at pH 8—Measurements of 
the initial velocity of the a-chymotrypsin-catalyzed hydrolysis of ATrEE 
were made at several substrate concentrations and at pH 8. The values 
obtained in one such experiment are plotted in Fig. 1 in the manner of 
Lineweaver and Burk (15). From the slopes and intercepts, K, may be 
calculated to be 9.3 X 10-5 + 2.0 moles liter’. Determination of a K, 
this small required the use of 0.02 n NaOH as the titration base and repre- 
sents very nearly the extreme experimental limit of the esterase procedure 


3 The following abbreviations are used: ATr, acetyl-L-tryptophan; ATrEE, ace- 
tyl-t-tryptophan ethyl ester; ATEE, acetyl-L-tyrosine ethyl ester; Tris, tris(hy- 
droxymethyl)aminomethane; ATrNHz, acetyl-L-tryptophanamide; ATNHz, acetyl- 
L-tyrosinamide. 
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pr- employed. As will be evident from other data (see below), K, for ATrEE 


SE falls almost within the experimental error of the method as it was routinely 
1a- used for pH-dependence studies. 
nyl Determination of pH-Dependence of k; of ATrEE—Measurements of the 


lu- entire course of the a-chymotrypsin-catalyzed hydrolysis of ATrEE were 
red made at varying values of pH. Three buffers, Tris-HCl, imidazole-HCl, 
ing and cacodylic acid-NaOH were required to cover the desired range. None 
lu- of these buffers appeared to exert any specific influence on the course of 
Irs. the reaction. In these studies of pH-dependence the concentration of 
re- ATrEE was held constant near 0.0083 m, but three concentrations of 








a 
for 
ure 
|. of 
tra- 
. on 
esti- 
uffi- 
g to 
om- 
the , 2 A | 
0 12 /S x 10" VS x lo 
itra- Fic. 1 Fig. 2 


as in Fig. 1. Effect of initial concentration of ATrEE and of ATr on the initial velocity 

con- of the a-chymotrypsin-catalyzed hydrolysis. @, ATrEE alone; A, ATrEE + 0.0125 
MATr. T 25°; buffer, Tris-HCl; pH 8.0. 

nobel Fic. 2. Effect of initial concentration of ATrEE and of ATr on the initial velocity 
of the a-chymotrypsin-catalyzed hydrolysis. @, ATrEE alone; A, ATrEE + 0.0125 

MATr. T 25°; buffer, cacodylic acid-NaOH; pH 6.1. 
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enzyme were required so that reasonable reaction rates might be obtained. 


its of | The enzyme concentration in runs above pH 7.5 was near 7.45 X 10~* mg. 
[rEE } y ml., and the buffer was commonly Tris, while in runs between pH 
alues | 65 and 7.5 the enzyme concentration was near 1.49 X 10-* mg. N ml.~, 
er Of } and the buffer was imidazole. Below pH 6.5 the enzyme concentration 
ay be | was about 3.75 xX 107 mg. N ml.-', and the buffer was cacodylic acid. 
a K. | Ip all cases the buffer and enzyme concentration regions were overlapped 
pr so as to disclose any specific effects attributable to buffer or enzyme con- 
edure 


centration. The data obtained were plotted according to the integrated 
3, ace- } form of the Michaelis-Menten equation (16) 
ris (hy- 


acetyl- kzet = 2.3K, log = + (ao — a) (1) 
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where ay = initial substrate concentration, a = substrate concentration at 
time t, e = enzyme concentration, K, = the Michaelis constant, and k; = 
the rate constant for the decomposition of the enzyme substrate complex 
into products and enzyme. The calculations make use of the previously 
determined value of K,. As already indicated, the contribution of the 
first order term in Equation 1 for our usual system is quite small, since K, 
is so low. Nevertheless, its use was necessary, and sufficient, to obtain 
a straight line plot at longer reaction times at pH values above 7 to 7.5. 
Thus, there was no indication of product inhibition in this region. Below 
pH 7, however, a progressive deviation from linearity with decreasing pH 
was observed, indicating a possible variation in K, for the system. In 
order to determine whether this was the case, the Lineweaver and Burk 
procedure was again employed to determine K, at pH 6.1. The results 
of one such determination are shown in Fig. 2. The value for K, obtained 
was 8.4 + 2 X 10-* mole liter. It is apparent, therefore, that there is 
no significant change in K, over this pH range and that the kinetic changes 
detected must be due to some other cause. 

The demonstration by Foster and his associates (3-6) of product inhibi- 
tion by ATr in the system a-chymotrypsin-ATrN H;2 and the dependence 
of the degree of inhibition upon pH led us to investigate this possibility. 
The value for K; for ATr reported by these workers for their system at 
pH 8 was 10 + 2 X 10-* mole liter™ and, at pH 6.9, 2.0 + 0.3 X 10° 
mole liter-. The pH 8 value is large enough so that the inhibition would 
normally be below the level of detection in our esterase system. However, 
by again employing the method of Lineweaver and Burk, K; for ATr was 
determined in the ATrEE-a-chymotrypsin system at pH 6.1 and at pH 
8. The results of these investigations are also given in Figs. 1 and 2. 
From these graphs K; was determined to be 8.7 + 2 X 10-* mole liter 
at pH 8 and 1.7 + 0.5 X 10-* mole liter“ at pH 6.1. The deviation from 
linearity in the plot of data at pH 6.1 occurs in the region of the extreme 
limit of the experimental procedure. This deviation was obtained in 
every experiment to varying degrees, but the limiting slope of the straight 
line portion always corresponded to a value of K; near 1.7 X 10-* mole 
liter. Since it was apparent that K, for the enzymatic reaction was con- 
stant, but that variation of the degree of inhibition by reaction products 
was being obtained, the kinetic plot suggested by Foster and Niemann (6) 
appeared ideal for more complete characterization of the enzymatic reac- 
tion. The equation is obtained from the integrated form of the Michaelis- 
Menten equation for the case of inhibition by one of the reaction products. 


ao ao K, 
k3et = 2.3K, (1 + <) log - + (: - =) (ao — a) (2) 
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By dividing by t, and rearrangement, the equation becomes 





do ao 
— 23 K.(1+> log — 
Q@o—a_ ( + es) as a 4 ke (3) 
t 1 K, t 1 K, 
- Ky Kr 


where K; = dissociation constant for the enzyme-inhibitor compound. 
Thus a plot of (a9 — )/t versus (log ao/a)/t for a single esterase measure- 
ment should yield a straight line with a slope equal to (—2.3K,(1 + a/K;))/- 
(1 — K./Ky) and with an intercept equal to k3e/(1 — K./K;). When the 





























2 46 8 
(log 22/1) x10 ° 


Fia. 3 Fic. 4 
Fig. 3. The hydrolysis of ATrEE by a-chymotrypsin. pH 8.43, @; pH 8.02, O; 
pH 7.36, J; pH 6.38, O; pH 5.72, A; pH 5.41, A (see the text). 
Fig. 4. The dependence of the ratio of K, for ATrEE to K; for ATr on the pH of 
the system. @,a-Chymotrypsin; O, 6-chymotrypsin; A, y-chymotrypsin; D, calcu- 
lated from the values obtained from Figs. 1 and 2. T 25°. 








data from the series of experiments at varying pH values were plotted in 
this fashion, a family of straight lines of negative slope was obtained. An 
example of these data is shown in Fig. 3. For high pH values the slope 
is quite small, as is to be expected from the known values of K, and K; in 
this region. As the pH decreases below 6.5, however, there occurs a gradual 
increase in the negative slope of these lines. By utilizing the equations 
just described and a value of 9 X 10-* mole liter for K,, a value of K,/K, 
was determined for each run. These values are shown in Fig. 4. Though 
there is considerable scatter in these points, since they represent values 
near the limit of determination in the system employed, it is clear that 
there is a progressive decrease in K, as the pH is decreased. 

Values of k;e may be determined for each experiment from the intercepts 
of the lines on the ay) — a/t axis. From Fig. 4 it is apparent that 1 — K,/K, 
isa negligible correction to the intercept at high pH values and rises only 
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to 6 to 8 per cent at the lowest pH values investigated. Since e is known, 
ks may be evaluated for each experiment. Values for ks had been previ- 
ously determined from the initial slopes of the plots of the data according 
to Equation 1 without other regard to product inhibition. These values 
agreed, as would be predicted, with those obtained in this manner within 
experimental error, except perhaps at the lowest pH values. When these 
values for k; were plotted against pH, it was apparent that k; varied with 
pH in a manner resembling the titration curve of a weak acid. The maxi- 
mal value of k; was approached in the pH region between 8.3 and 9. At 
pH 8.7 the experimentally determined value of k; was found to be 0.77 + 
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Fic. 5. The dependence of the degree of esterolytic activity of a-chymotrypsin 
upon pH. Substrate, ATrEE; T 25°. 

Fic. 6. The dependence of the degree of esterolytic activity of a-chymotrypsin 
upon pH. Substrate, ATEE; T 25°. 


0.03 mole liter min.-! mg. N-! ml. From the form of the curve, this 
value was assumed to be 99 per cent of the maximal k; of the system. Fig. 
5 shows the variation of k; with pH calculated on the basis of per cent of 
maximal k; as described. The line through the experimental points repre- 
sents the theoretical dissociation curve of a weak acid of pK’ = 6.70. 
Since the substrate, ATrEE, undergoes no change in structure over the 
pH region investigated, it seems reasonable to ascribe the behavior ob- 
served to the enzyme. 

Another series of reactions was studied at varying pH levels in which 
all the conditions were the same as those described above, except that the 
temperature was maintained at 14° instead of 25°. The resulting decrease 
in rates required that all enzyme concentrations be approximately doubled. 
Again, the data were examined as a function of pH and the highest value 
of k3, 0.37 + 0.02 mole liter! min.-' mg. N-' ml., was set as being 99 per 
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cent of the maximal theoretical value. In this case the experimental data 
are best described in terms of the dissociation constant of a weak acid of 
pK’ = 7.00. Although the scatter is somewhat more than was obtained 
in the previous case, there is no doubt that the entire curve has been dis- 
placed to higher pH values, as would be expected if the variation does 
represent a pH-dependent change in ionic form of the enzyme. 

Determination of pH-Dependence of k; of ATEE—A series of esterase 
assays was performed which differed from previous determinations in that 
ATEE was used as substrate. The reactions were studied at 25° with the 
use of lower concentrations of enzyme, since k; for ATEE was known (2) to 
be higher than for ATrEE. In a similar system, k, for ATEE was reported 
(7) to be 7 X 10~ mole liter. Upon reexamination in the system em- 
ployed for these measurements, K, was again found to be 7.0 + 0.5 x 10-+ 
mole liter at pH 8.0. Since this value of K, was sufficient to yield a 
straight line plot above pH 6.5 when employed with the data from these 
experiments in Equation 1, it appeared justifiable on the basis of the ex- 
perience with ATrEE just outlined to determine k; directly from the initial 
slope of this type of plot. This is further strengthened by consideration of 
the K,/K;, ratios calculated for ATrNHp, 0.5, and ATNHz, 0.3 at pH 7.9 
(3). Asa result of several measurements of k; of ATEE in the pH region 
8 to 9, the maximal value of k; for this substrate was set at 2.87 + 0.10 
mole liter-! min.~! mg. N ml.-'. On this basis the values obtained in this 
pH-dependence series are shown in Fig. 6. In this case the theoretical line 
required a pK’ of 6.74 for the best fit of the data. This is close to the value 
of 6.70 determined for ATrEE, the difference presumably being due to 
small errors in setting limits for the theoretical lines and to the expected 
experimental error. 

Comparison of Other Chymotrypsins—Since two other forms of chymo- 
trypsin, 6-chymotrypsin and y-chymotrypsin, have been isolated from the 
supernatant solution of crystalline a-chymotrypsin preparations (10), it 
appeared of importance to characterize the pH-dependence of these en- 
zymes. A series of runs at varying pH values was made with each enzyme 
with ATrEE as substrate. The data were plotted according to Equation 
3. Since previous investigators (10) have found little or no evidence that 
the kinetic constants of these enzymes differ from those of the a form, the 
value of K, obtained for ATrEE with a-chymotrypsin was used to calcu- 
late K,/K, for these enzymes. The data are shown in Fig. 4. It may be 
seen that K,; varies in approximately the same way for all three forms of 
chymotrypsin. Values of k; were calculated from the intercepts as before 
and plotted as per cent of maximal k; in Fig. 7. The pK’ value producing 
the best fit to the experimental data was 6.75 for y-chymotrypsin and 6.67 
for 6-chymotrypsin. The maximal value of k; for y-chymotrypsin was 
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determined to be 0.78 + 0.04 mole liter min.-' mg. of N-! ml., which 
is identical within experimental error with that obtained for a-chymo- 
trypsin. For 8-chymotrypsin a value of 0.53 + 0.03 mole liter~? min. 
mg. of N-! ml. was obtained for k; maximum. Unfortunately, this prep- 
aration appeared to contain amorphous material which could not be re- 
moved easily by crystallization. Thus, the low value obtained for k; is 
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TABLE I 


Summary of pH-Dependence Experiments 


| Tem- 





Enzyme | Substrate | pera- | pK’ Ks Ramar k;’* 
| ture | | 

| c. | mole 1.-} get | promi ho 
a-Chtt | ATrEE | 25 |6.70 + 0.03) 8.9+2 xX 10-5 0.78 + 0.03/0.76 + 0.04 
= | ig | 14 |7.00 + 0.05) (9 X 10-5)t 0.38 + 0.02:0.36 + 0.03 
2) ATEE | 25 (6.74 + 0.05) 7.0+0.5 X 10-4 |2.87 + 0.10\2.78 + 0.1 
B-Cht ATrEE | 25 \6.67 + 0.05) (9 X 10-5)t 0.53 + 0.03)0.51 + 0.04 
y-Cht ” 25 6.75 + 0.05) 9 X 10-5)t 0.78 + 0.04\0.76 + 0.05 


* The average value of k; between pH 8.3 and 8.5. 
+ Cht is used as a contraction for chymotrypsin. 
t Assumed from the value for a-chymotrypsin and ATrEE at 25°. 


probably due to the presence of inactive protein. The comparison of rates 
of change of activity with pH remains valid, however, since it is made on 
the basis of per cent of maximal k; for each enzyme. The various values 
determined for the pK’ producing the best fit to the experimental data 
are collected in Table I. It may be seen that a value of 6.71 + 0.05 would 
satisfactorily describe all the data, within the limits of experimental varia- 
tion, except for the experiment carried out at 14°. 

Comparison of a-Chymotrypsin Preparations—The question of the vari- 
ability of samples of a-chymotrypsin prepared according to various pro- 
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cedures or obtained commercially has been a matter of some concern. 
To test the reliability of enzyme preparations obtained by different meth- 
ods, a comparison was made between the crystalline a-chymotrypsin used 
in all the other experiments, the same preparation after two alcohol re- 
erystallizations (17), and a commercially obtained alcohol recrystallized 
preparation. Table II shows the comparison of these samples at pH 8. 
It is apparent that the commercial preparation is only about 92 per cent 
as active as the other preparations. Such agreement appears remarkable 
in view of our current understanding of the complex nature of the chymo- 
trypsinogen activation process (18). 


TABLE II 


Comparison of a-Chymotrypsin Preparations 





Enzyme Substrate ka 





mole 1.~) min.~! mg. 
N= ml. 








Salt fractionation (Kunitz)....................... ATrEE 0.72 
ATEE 2.67 
Same + 2 alcohol recrystallizations............... ATrEE 0.7 
| ATEE | 2.70 
Commercial alcohol recrystallized................. ATrEE | 0.66 
ATEE | 2.50 
DISCUSSION 


The chymotrypsin substrate employed in the majority of investigations 
reported here was ATrEE. As this compound exists in solution in only one 
form over the pH region investigated, any pH-dependent variation ob- 
served in this enzyme substrate system must be ascribed to changes in the 
enzyme. The excellent agreement obtained between experimental data 
describing the variation in k; for the a-chymotrypsin-catalyzed hydrolysis 
of ATrEE with pH and a theoretical titration curve would seem to justify 
two conclusions. The first is that the loss of a proton from some weakly 
acidic group in the enzyme, pK’ 6.7, is necessary before enzymatic activity 
is detectable. It seems reasonable to assume that /; as defined in the cur- 
rent formulation of the Michaelis-Menten theory (2) for this system ac- 
tually does not change. Rather, the change in the rate of the reaction 
with pH is due to the variation of the amount of the enzyme present in 
the catalytically active form. This is further substantiated by the close 
agreement of the activity versus the pH curve for another substrate, ATEE, 
with that obtained for ATrEE. 

The second conclusion we may draw from this agreement is that, within 
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the limits of these determinations, there is no evidence for heterogeneity 
of the enzyme preparation. Thus, whatever the cause of the heterogene- 
ous appearance of a-chymotrypsin in electrophoresis (8), it appears that 
the ionization constant of a functional group critical for enzymatic activity 
is the same for all of the components. This interpretation is supported 
by the results obtained with B- and y-chymotrypsin. Within the limits 
of measurement these two forms of chymotrypsin are kinetically identical 
to the a form. Chemical studies of these proteins have also indicated a 
close similarity to the a form of the enzyme. The N- and C-terminal resi- 
dues are all identical, but the 6 and y forms yield a greater variety of frac- 
tional amounts of amino acid per mole of protein when treated with car- 
boxypeptidase (18). Thus, an unexplained difference in solubility of the 
various preparations remains the chief distinguishing characteristic (10). 
Whatever the structural changes involved, it is apparent that they do not 
affect, and thus presumably do not involve, the portion of the molecule 
concerned with the specific catalytic activity. 

The shift in the pH-activity curve which was obtained on lowering the 
temperature is characteristic of the acidic groups in proteins known to 
ionize in this pH region (19). By utilizing the values for —log K’ at 14°, 
7.00, and at 25°, 6.70, for the reaction between a-chymotrypsin and ATrEE, 
a value for AH, the heat of ionization, for this functional group associated 
with enzymatic activity may be calculated to be approximately 11 kilo- 
calorie mole. Gutfreund (9), working with the trypsin-benzoyl-t-argi- 
nine-ethyl ester system, has determined the pK’ for trypsin‘ to be 6.25 
at 25° and the heat of ionization to be 7 kilocalorie mole’. The agree- 
ment of these values with those reported for imidazole groups in proteins 
(19) has led him to suggest that a histidine residue in the trypsin molecule 
is directly concerned with the catalytic activity of the protein. In a-chy- 
motrypsin the pK’ associated with enzymatic activity also lies within the 
range associated with the imidazole group, but the value determined for 
AH more closely corresponds to those determined for amino groups. How- 
ever, it appears unlikely that terminal amino groups have pK’ values be- 
low 7.4 (19). Chemical analysis of the protein (10) has failed to provide 
evidence for any type of non-amino acid prosthetic group which might give 
rise to the observed variation with pH. Obviously any postulates based 
on these facts overlook the possibility that the specific spatial location of 
the group in the enzyme molecule may have greatly changed its acidic 
character from that usually encountered. Further speculations as to the 
nature of this group or groups in these closely related proteolytic enzymes 
must therefore await the availability of other types of information. 


4In a brief study of this system we have determined the pK’ for trypsin activity 
to be about 6.40. Our system, however, contained 0.10 m CaCl. to stabilize the 


enzyme. 
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The variation of K, for ATr with pH must also be considered in a dis- 
cussion of the nature of the ionizable group necessary for enzymatic ac- 
tivity. The suggestion that there is a negatively charged group in or near 
the active center of chymotrypsin was first made by Neurath and Schwert 
(2) on the basis of kinetic studies of anionic and neutral specific inhibitors. 
Recently, Foster and Niemann (5) reinvestigated this point, utilizing a 
series of more closely related inhibitors. In measurements at pH 6.9 
and 7.9, they detected a variation in K; for anionic inhibitors such as ATr, 
but could find no significant change for neutral inhibitors such as acetyl- 
p-tryptophanamide. On the basis of these and other comparative studies, 
they concluded that in or near the active center of the enzyme there is at 
least one negatively charged group. This group is postulated to be chiefly 
in the conjugate acid form at pH 6.9 and much less so at 7.8. The re- 
sults we have obtained for K, for ATr in the esterase system are generally 
in accord with such a hypothesis. However, the scope of the determina- 
tions is insufficient to warrant any quantitative statement concerning the 
actual degree of protonation at any pH, except that it is apparently close 
to 100 per cent near pH 5.5. The pK’ for the ionization of ATr is far too 
low to consider the variation of the COO/COOH ratio of this compound 
as a major factor in the pH-dependence of the affinity of the enzyme for 
ATr in the region above pH 5. 

A similar variation in the degree of binding was found by Doherty and 
Vaslow (20) in their study of the thermodynamics of the interaction be- 
tween acetyl-3 ,5,-dibromo-L-tyrosine and chymotrypsin. These workers 
were considering this compound as a substrate for the enzyme, whereas 
in our measurements the interaction between ATr and the enzyme was 
measured as competitive inhibition. It seems probable that the physio- 
logical hydrolytic function of this enzyme is dependent on the fact that the 
interaction between the protein- and carboxyl-substituted substrates re- 
mains constant as the pH is increased toward the optimum, while the 
interaction between enzyme- and carboxyl-unsubstituted ‘“substrates’’ 
declines. The nature of the negatively charged group in the active center 
is unknown. Its relationship to the group of pK’ 6.7 which controls the 
catalytic function of the enzyme is likewise uncertain. 

It may be seen that all three chymotrypsins are approximately 95 per 
cent in the catalytically active form at pH 8 and that the rate of increase 
with pH toward 100 per cent is small between pH 8 and 9. Extensive 
investigations were not carried out above pH 9 owing to the uncertainties 
introduced by the instability of the enzyme and substrate and the titri- 
metric difficulties common to the high pH region. The presence of high 
concentrations of calcium ions further contributed to the decreasing ef- 
fectiveness of the esterase method at high pH. In a few exploratory ex- 
periments, however, some evidence was obtained which indicated that the 
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apparent K, of the reaction begins to increase rapidly above pH 9. It is 
difficult, therefore, to set a pH optimum for the enzymes and the two ester 
substrates which were used. For operational purposes the pH optimum 
is probably best defined in this case as the pH region from 8 to 8.5, where 
the apparent k; is from 95 to 98 per cent of the maximal k;. In this region 
the a-chymotrypsin-catalyzed hydrolysis of ATrEE approaches zero order 
kinetics at substrate concentrations below 0.01 m. Under these conditions, 
therefore, this substrate would appear to be nearly ideal for routine assay 
of a-chymotrypsin. 


The assistance of Dr. James E. Hurley and Mr. E. K. Carney in the per- 
formance of some of the initial measurements is gratefully acknowledged. 


SUMMARY 


The action of a-, B-, and y-chymotrypsin preparations on two synthetic 
substrates, ATrEE and ATEE, has been studied as a function of pH. In 
all cases the variation of the apparent k; with pH could be described by 
the assumption that enzymatic activity of the protein required the loss of 
a proton from a particular weakly acidic group in the protein. Within 
the limits of the experiment, the pK’ of this group was found to be the 
same, 6.71 + 0.05, in all cases examined. While no evidence could be 
obtained from these studies which might indicate heterogeneity of the 
enzyme preparations, the close similarity of behavior of the three forms 
of chymotrypsin demonstrates the limited sensitivity of this test. Meas- 
urement of the change in pK’ with temperature led to a value of AH of 
ionization of 11 + 2 kilocalorie mole~!. The relationship of these values 
to those which have been determined for known functional groups in pro- 
teins has been discussed. 

It has been shown that the apparent K, for one of the products of the 
reaction, ATr, is a continuous function of the pH of the system over the 
range pH 5.5 to 8. Possible explanations for this behavior have been dis- 
cussed. 
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ISOLATION OF RADIOFORMALDEHYDE IN THE METABOLISM 
OF DIMETHYLAMINOETHANOL-C"F;* 


By JOHN M. JOHNSTON{ anp COSMO G. MACKENZIE 


(From the Department of Biochemistry, University of Colorado School of Medicine, 
Denver, Colorado) 


(Received for publication, November 30, 1955) 


Several years ago we reported that formaldehyde could be isolated when 
dimethylaminoethanol, dimethylglycine, sarcosine, or methanol was incu- 
bated with a whole liver homogenate (1). Dimethylaminoethanol differed 
from the other substrates in that it required both the supernatant and 
sediment fractions of the homogenate to effect this biochemical oxidation. 
We have now prepared methyl-labeled dimethylaminoethanol and exam- 
ined its metabolism in the whole liver homogenate preparation. 


EXPERIMENTAL 


Synthesis of Dimethylaminoethanol-C“H;—5 mmoles of monomethyl- 
aminoethanol were refluxed with 15 mmoles of formic acid and 5.54 mmoles 
of radioformaldehyde! containing 3.82 X 10’ c.p.m., corrected (2). At the 
end of 12 hours residual monomethylaminoethanol was converted to the 
nitroso derivative (3) and the acidified mixture was evaporated to dryness 
in vacuo to remove unreacted formaldehyde and formate. The residue was 
then dissolved in concentrated NaOH and the dimethylaminoethanol was 
steam-distilled until the distillate was no longer alkaline. 

Since, to our knowledge, there was no way to isolate the dimethylamino- 
ethanol from the distillate as a crystalline product suitable for use in en- 
zyme experiments, we resorted to a combination of several analytical pro- 
cedures in order to determine the purity of the solution. First, the 
radiodimethylaminoethanol in an aliquot of the distillate was isolated as 
the picrolonate (4) by the carrier technique and counted in a thin window 
Geiger-Miiller counter. The derivative melted at 196.5°, uncorrected. 
The total activity of the dimethylaminoethanol in the distillate was found 
to be 1.76 X 10’ c.p.m., corrected. This was equivalent to the activity of 
2.6 mmoles of the starting radioformaldehyde and therefore represented a 


* This work was supported by a grant from the National Institutes of Health, 
United States Public Health Service, and constituted a part of the thesis submitted 
by John M. Johnston in fulfilment of the requirement for the degree of Doctor of 
Philosophy. 

+ Present address, Department of Biochemistry, University of Texas, Southwest- 
ern Medical School, Dallas, Texas. 

1 Received on allocation from the United States Atomic Energy Commission. 
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yield of 2.6 mmoles of labeled dimethylaminoethanol. Next, the distillate 
was analyzed by a micro-Kjeldahl procedure and found to contain 2.6 
mmoles of N. Finally, electrometric titration of the distillate showed the 
presence of 2.6 mmoles of a base with a pK identical with that obtained 
with an authentic sample of dimethylaminoethanol. Thus, the only basic 
and the only nitrogenous compound in the solution was radiodimethyl- 
aminoethanol. The specific activity of the labeled dimethylaminoethanol 
was 6.8 X 10° c¢.p.m. per mmole. Prior to use, this material was diluted 
to contain 3.1 X 10° ¢c.p.m. per 0.225 mmole, except for the Warburg ex- 
periments for which the undiluted material was employed. 

Before using the radiodimethylaminoethanol in enzyme experiments, pre- 
caution was taken to reduce to a minimum any traces of radioformaldehyde 
still contaminating the solution. This was accomplished by adding HCl 
and non-isotopic formaldehyde to the dimethylaminoethanol solution and 
evaporating to dryness. The residue was then dissolved twice in water 
and evaporated. When the final residue was redissolved and analyzed by 
the carrier procedure with ordinary formaldehyde, it was found that the 
solution contained not more than 1 molecule of radioformaldehyde for every 
3 X 10* molecules of radiodimethylaminoethanol- HCl. 

Enzyme Experiments—Sprague-Dawley rats, fasted for 16 to 24 hours, 
were decapitated and their livers were homogenized in the potassium phos- 
phate buffer described previously (1). 20 ml. of the homogenate, contain- 
ing 2.5 gm. of liver, were placed in a 125 ml. Erlenmeyer flask and adjusted 
to pH 8.8 with 0.1 n KOH. The contents of the flask were then warmed 
to 37° in a water bath and 2 ml. of buffer containing 0.225 mmole of radio- 
dimethylaminoethanol adjusted to pH 8.8 were added. The flasks were 
shaken in a constant temperature room at 37° for 1 hour. At the end of 
that time proteins were precipitated by the addition of 10 ml. of 20 per 
cent trichloroacetic acid followed by centrifugation. The precipitate was 
washed twice with 5 ml. portions of 10 per cent trichloroacetic acid and 
the washings were added to the original supernatant fluid. 

Carrier formaldehyde was added to the trichloroacetic acid solution, re- 
isolated as the dimedon derivative, and plated and counted as described 
previously (5). The formaldemethone was recrystallized from ethanol and 
water to a constant specific activity. The derivative melted at 188-189°, 
uncorrected. 


Results 


As shown in Table I, the incubation of radiodimethylaminoethanol with 
the homogenized liver resulted in the formation of radioformaldehyde. 
When the flask containing the homogenate was immersed in a boiling water 
bath for 7 minutes prior to the incubation, no radioformaldehyde could be 
isolated. 
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Since it had been found previously in this laboratory that semicarbazide 
traps formaldehyde quantitatively in the oxidation of sarcosine by mito- 
chondria (6), radiodimethylaminoethanol was incubated with homogenized 
liver in the presence of 0.5 mmole of this reagent. Under these conditions, 
the yield of radioformaldehyde was increased 3-fold (Table I). 

In supplementary Warburg experiments, 22.5 wmoles of undiluted radio- 
dimethylaminoethanol were incubated for 2 hours in an atmosphere of air 
with the homogenate from 0.5 gm. of liver. At the end of the experiment 
3 per cent of the incubated C™ was isolated as radioformaldehyde and 70 
per cent as the picrolonate of dimethylaminoethanol by the carrier proce- 
dure. The reaction flasks contained negligible amounts of C“O». The in- 
crease in oxygen uptake due to the presence of the substrate was 3.1 umoles, 


TABLE I 
Tsolation of Radioformaldehyde from Dimethylaminoethanol-C'H; Incubated with 
Homogenized Liver 
0.225 mmole of substrate containing 3.1 X 10° ¢.p.m. was incubated for 1 hour in 
air with the homogenate from 2.5 gm. of liver. Radioformaldehyde was isolated as 
the dimedon derivative. All experiments were in triplicate. 








Incubated | Formaldemethone CH,0* 
ia os oom. ill 
DN Bes oR hd inden ad Wg, 5:8 1270 1.8 
- in heated homogenate.... 0 0 
" + semicarbazide... 3306 4.8 





* Since only one of the substrate methyl groups was labeled, the counts per minute 
was multiplied by 2 in calculating the yield of formaldehyde. 





a quantity sufficient to effect the divalent oxidation of 28 per cent of the 
incubated dimethylaminoethanol. Even if we assume, on the basis of the 
semicarbazide experiment, that the production of formaldehyde may have 
been 3 times greater than the quantity isolated, 7.e. 9 per cent of the incu- 
bated C™, an appreciable amount of the products of dimethylaminoethanol 
metabolism is still unaccounted for. 


DISCUSSION 


The results of these experiments provide direct evidence that the methy] 
groups of dimethylaminoethanol are sources of metabolic formaldehyde. 
Although the exact pathway of the conversion of dimethylaminoethanol to 
formaldehyde in homogenized liver is not known, it is definitely circum- 
scribed by related experiments (1) in which we have shown that choline 
and monomethylaminoethanol are not sources of detectable formaldehyde 
in this preparation. Thus, the formation of these compounds is not a pre- 
requisite for the conversion of the methyl carbon of dimethylaminoethanol 
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to formaldehyde. Furthermore, monomethyl- and dimethylamine are not ald 
sources of formaldehyde in liver homogenate. Consequently, it appears the 
either that dimethylaminoethanol is oxidized directly to yield formaldehyde wit 
and monomethylaminoethanol, or, alternatively, that its alcohol group is 
oxidized to yield dimethylaminoacetaldehyde or dimethylglycine prior to 


the oxidative demethylation. These alternative pathways of metabolism I 
in liver homogenate are illustrated as follows: yla 
H.C H,C—NH—CH:—CH,0H + CH0 ald 

7 act 

N—CH.—CH:0H car 

\ \ 

H;C H;C hon 
N—CH:—CHO(—COOH) — CHO don 

cre: 

H;C 7 


Certainly in the intact animal in which dimethylaminoethanol may be " 


converted to dimethylglycine via choline (7, 8) and betaine (9, 10), the 
dimethylglycine can function as an intermediate in the oxidation of the 
methyl groups of dimethylaminoethanol to formaldehyde in the ‘‘1-carbon 
cycle” previously formulated (11). However, whether dimethylaminoeth- 2. | 
anol can be also shunted across the cycle in liver by direct oxidation of its 
alcohol group to yield dimethylglycine is presently unknown. 

Finally, the synthesis and analysis of dimethylaminoethanol-C“H; de- 
scribed in this paper elucidate certain aspects of the now classical formate- 
formaldehyde methylation reaction (2). Earlier, du Vigneaud and co- 6. 1] 
workers (7) showed that in this reaction deuteroformate may be used to 7. « 
synthesize dimethylaminoethanol containing D in the methyl group. We 


have now shown that only formaldehyde is a source of the methyl carbon, we 
since the specific activities of the formaldehyde and methyl carbons are | 9 } 
identical. 10. } 
11. } 

DH.2C** 


N—CH.—CH:0H + CO: 


H;C 


The initial step in the above reaction is presumably the condensation of 
monomethylaminoethanol and formaldehyde, followed by reduction with 
formate of the formaldehyde carbon to yield the new methyl group. We 
have discussed elsewhere (11) the likelihood that an analogous methyla- 
tion reaction involving the synthesis of dimethylaminoethanol from form- 
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aldehyde and aminoethanol occurs in vivo, and that only the addition of 
the third methyl group to yield choline is restricted to transmethylation 
with methionine as the methyl donor. 


SUMMARY 


Dimethylaminoethanol-C"H; has been synthesized by the classical meth- 
ylation reaction with monomethylaminoethanol, formic acid, and radioform- 
aldehyde. The specific activity of the product indicates that in this re- 
action formaldehyde, and not formate, is the sole source of the methyl 
carbon. 

When the radiodimethylaminoethanol was incubated with a whole liver 
homogenate, radioformaldehyde accumulated and was isolated as the dime- 
don derivative. Addition of semicarbazide to the incubation mixture in- 
creased the yield of radioformaldehyde 3-fold. 

The implications of these results are discussed with respect to the path- 
way of dimethylaminoethanol metabolism. 
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RING N METHYLATION; A MAJOR ROUTE OF 
HISTAMINE METABOLISM 


By RICHARD W. SCHAYER* anp S. A. KARJALAT 
WitH THE TECHNICAL ASSISTANCE OF K. JANE Davis AND Rosa L. SMILEY 


(From the Rheumatic Fever Research Institute, 
Chicago, Illinois) 


(Received for publication, October 17, 1955) 


In several publications from this laboratory the existence of an uniden- 
tified major metabolic route for physiological amounts of histamine has 
been demonstrated (1-3). The enzyme system involved was tentatively 
called “histamine-metabolizing enzyme II.” 

We shall now present evidence that this metabolic pathway consists of 
two steps: (a) methylation of the imidazole ring nitrogen remote from the 
side chain to give 1-methyl-4(8-aminoethyl)imidazole,! and (b) oxidation 
of this methylated histamine to 1-methylimidazole-4-acetic acid. The 
structural formulas of the two possible ring N methylhistamines are given. 














HC C—CH.—CH:—NH; s C—CH,CH.2NH:; 
sina : N oe 
“i @ \ ae 
C Cc 
H H 
1-Methyl-4(6-aminoethy])imidazole; 1-Methy1-5(8-aminoethy]) - 
(1 ,4-methylhistamine) imidazole; (1 ,5-methylhistamine) 


When minute quantities of C'-histamine are injected into animals, and 
paper chromatograms of the urine developed in butanol 80, ethanol 10, 
and ammonia 30, three radioactive peaks are obtained. Peak 1 results 
from a conjugate of imidazoleacetic acid with ribose (7), and Peak 2 from 
methylimidazoleacetic acid (in mouse urine Peak 2 also contains a small 
amount of free imidazoleacetic acid); Peak 3 contains histamine, methyl- 


* Supported by a contract with the United States Atomic Energy Commission. 

t Present address, The M. D. Anderson Hospital, The University of Texas, Hous- 
ton. 

1 1-Methyl-4(6-aminoethy])imidazole will be referred to as 1,4-methylhistamine. 
This compound was generously provided by Dr. Reuben Jones of Eli Lilly and Com- 
pany. Additional material was prepared by one of the authors (S. A. K.) by the 
method of Pyman (4). Other abbreviations to be used are ImAA-riboside for 1(8)- 
tibosylimidazole-4(5)-acetic acid (5,6), 1,4-methyl-ImAA for 1-methylimidazole-4- 
acetic acid, Marsilid for 1-isopropyl-2-isonicotinylhydrazine, and IBINH for 1-iso- 
butyl-2-isonicotinylhydrazine. 
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histamine, and a small amount of acetylhistamine. In the opinion of the 
authors these are the major products of histamine metabolism in the species 
studied (rats, mice, and guinea pigs). There is evidence, however, for the 
existence of unidentified minor metabolites. 

Rat urine chromatograms have a very small Peak 2; hence it has been 
presumed that this species does not methylate histamine to a major extent. 
For this reason mice and guinea pigs were used in all experiments reported 
in this paper. 


EXPERIMENTAL 


Isotopic Histamine—This compound was prepared by decarboxylation of 
L-histidine labeled in the 2 position of the imidazole ring (8). The specific 
activity is 3.4 X 10’ c.p.m. per mg. counted in a flow counter. 

Isotope Dilution Assays—All histamine metabolites were assayed by add- 
ing an amount of carrier equivalent to 206 mg. of the corresponding picrate 
and crystallizing to remove impurities. In the first crystallization, water 
was used as the solvent and Norit as an adsorbent; in the second crystalli- 
zation water-ethanol solvent (1:1) with Darco adsorbent was used and, in 
the third, ethanol solvent with Nuchar adsorbent. These three combina- 
tions of solvent and adsorbent were used alternately until constant radio- 
activity was attained. All counts were made at infinite thickness. In 
cases in which the amount of crystalline material was too small to permit 
counting at infinite thickness, it was accurately diluted and the observed 
count multiplied by a correction factor. Removal of isotopic impurities 
by recrystallizing the carrier proved to be easy in most cases. This is evi- 
dent from the fact that some of the tested compounds could be added to 
urine containing highly radioactive compounds closely related in structure, 
and then recovered, free of radioactivity, by repeated crystallization. 
However, as a precaution some of the more difficult separations were first 
proved feasible; e.g., non-isotopic 1 ,4-methylhistamine carrier to which was 
added a minute amount of highly radioactive histamine could be completely 
freed of radioactivity by this process. Activity was considered constant 
only if at least three successive values were unchanged. 

First Evidence of Methylation of Histamine—One approach to the elucida- 
tion of the metabolic products of histamine was the injection into animals 
of large non-physiological quantities of histamine, followed by the isolation 
of radioactive substances from the urine by column chromatography. In 
this manner a substance was isolated from mouse urine which had micro- 
analytical data consistent with methylimidazoleacetic acid.” 

The next observation was the effect of large amounts of 1 ,4-methylhis- 


* This material was later identified as a mixture of the two isomers of N-methyl- 


ImAA (9). 
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tamine on histamine metabolism. Mice injected with 5 mg. of 1,4-methyl- 
histamine, and then a few micrograms of C'-histamine, showed a major 
disturbance in the pattern of chromatograms of urine. Peak 1 was unaf- 
fected, Peak 2 greatly decreased, and Peak 3 greatly increased. This ob- 
servation was consistent with the hypothesis that C'-histamine was being 
methylated, trapped by the large concentration of non-isotopic methylhis- 
tamine, and excreted before significant oxidation could occur. Isotope 
dilution of this urine showed the presence of 1 ,4-methylhistamine. 

Assay of Mouse Urine—For a complete study of the possible metabolic 
products of histamine it was necessary to obtain 1,5-methylhistamine. 
This was also kindly supplied by Dr. Reuben Jones. The two isomers of 
methylimidazoleacetic acid had already been prepared by one of the au- 
thors (9). 

Four female mice, 23 gm. average weight, were each injected subcutane- 
ously with 17 y of C'*-histamine. Urine was collected at 45 minute inter- 
vals for a total of 8 hours. A portion of the pooled urine was diluted to 
10.00 ml. and assayed at zero thickness.’ For each isotope dilution assay, 
1.00 ml. of the diluted urine was used. 

A description of the isotope dilution assay for each compound follows. 

Histamine—The activity of the picrate remained constant from the third 
through the ninth crystallization. The average value during the constant 
period was 1380 ¢.p.m. 

Acetylhistamine—The activity of the picrate was low after the first crys- 
tallization and dropped to a constant value from the fourth through the 
seventh crystallization; average value, 40 c.p.m. 

1, 4-Methylhistamine—The activity of the picrate remained constant from 
the third through the seventh crystallization; average value, 930 c.p.m. 

1,5-Methylhistamine—The activity of the picrate dropped continuously 
and was devoid of radioactivity after nine crystallizations. 

1,4-Methylimidazoleacetic Acid—The activity of the picrate remained 
constant from the fourth through the eighth crystallization; average value, 
1610 ¢.p.m. 

1 ,5-Methylimidazoleacetic Acid—The activity of the picrate was low after 
one crystallization, and devoid of radioactivity after the fourth. 

Free Imidazoleacetic Acid—The activity of the picrate remained constant 
from the eighth through the eleventh crystallization; average value, 320 
¢.p.m. 


* Under the conditions we routinely use for counting, the ratio of the counts per 
minute obtained at zero thickness to the counts per minute obtained at infinite thick- 
ness, when 206 mg. of carrier are used, is 21:1. The dilute urine had an activity of 
105,000 c.p.m. per ml. Hence the sum of the activities of all the radioactive constitu- 
ents, when assayed at infinite thickness, should be 105,000/21 = 5000 c.p.m. 
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Conjugated Imidazoleacetic Acid—The urine was first hydrolyzed in a log 
sealed tube at 150° for 5 hours in 1 N hydrochloric acid. The activity of | P° 
the picrate remained constant from the fourth through the sixth crystalli- 12) 


zation; average value, 1050 c.p.m. for total imidazoleacetic acid. Since I 
the value for the free form was 320 c.p.m. (see above), the value due to the 
imidazoleacetic acid-riboside was 730 c.p.m. “ 


The sum of the activities of all the picrates is 5010 c.p.m., the theoretical | __ 
value 5000 c.p.m. The closeness of the two values is not indicative of the | 8? 
accuracy of the method. Errors as high as 10 per cent may often occur. gui 


























In summary, a quantitative analysis for histamine excretory products in | 8 
mouse urine, expressed as per cent of the total, shows histamine 27, 1,4- tog 
acl 
TABLE I anc 
Isotope Dilution Assay for Histamine Excretory Products in Guinea Pig Urine mil 
cou 
|No. of c stallizations| Average c.p.m. Per cent of 

Compound |during w ich constant} during constant total, c.p.m. chi 
activity obtained period per 6800 7 

ili mI ies | os ed In 

ST Ree et ee | 2-5 730 11 

Acetylhistamine................ | 2-4 100 1 7P 
1,4-Methylhistamine........... 3-6 | 320 5 tan 
1,5-Methylhistamine........... | 0 | 0 tar 
1,4-Methyl-ImAA.............. 2-7 | 1730 | 26 wen 
1,5-Methyl-ImAA............. | | 0 | 0 
ImAA-riboside................ | * . vee 
S| SS ee = | met 
* ImAA-riboside was determined roughly by paper chromatography. This urine T 


sample showed Peak 1 (ImAA-riboside) to contain about twice as much radioactivity it p 
as Peak 2 (1,4-methyl-ImAA). This would account for most of the remaining radio- 


activity. There is little, if any, free ImAA in guinea pig urine (1). - 
methylhistamine 19, 1 ,4-methylimidazoleacetic acid 32, acetylhistamine 1, | UP 
free imidazoleacetic acid 6, and imidazoleacetic acid-riboside 15. met 
Assay of Guinea Pig Urine—Three female guinea pigs, 350 gm. average } " 
weight, were each injected subcutaneously with 17 y of C'-histamine. 
Urine was collected for 8 hours. The activity was 72,000 c.p.m. per ml. 
at zero thickness. 2 ml. were used for each isotope dilution assay. Hence T 
the theoretical count per minute of the metabolites, assayed after addition cM. 
of 206 mg. of the corresponding picrate, was 72,000 K 2 + 21 = 6800 _ 
c.p.m. The results of the assay are shown in Table I. hist 
Assay of Urine of Mice and Guinea Pigs Administered Inhibitor of Hista- diti 
mine-Metabolizing Enzyme II—Before the dual nature of “histamine-metab- inte 
olizing enzyme II” was discovered, it was known that Marsilid inhibited for 
the formation of the compound of Peak 2 in mice and guinea pigs which B 


were given C™-histamine (2). Later, during a screening of Marsilid ana- phy 
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logues for this inhibitory power, it was found that IBINH was even more 
potent (10). These compounds are also monoamine oxidase inhibitors (11, 
12). 

It was now necessary to ascertain which reaction was blocked by IBINH, 
the methylation reaction or the subsequent oxidation reaction. This was 
done both by paper chromatography and by isotope dilution assay. 

When mice and guinea pigs are given aminoguanidine, diamine oxidase 
is inhibited, and no ImAA-riboside (Peak 1) is formed. If both amino- 
guanidine and IBINH are used, only one peak (Peak 3) is found in chroma- 
grams developed in butanol 80, ethanol 10, and ammonia 30. If a chroma- 
togram of this urine is now developed in ethanol 95, 0.1 N hydrochloric 
acid 5, a separation of histamine and 1,4-methylhistamine is achieved, 
and the presence of the latter compound is demonstrated. Methylhista- 
mine is the faster moving of the two compounds. The compounds can be 
counted either directly on the paper or after elution with 0.0001 N hydro- 
chloric acid. 

The presence of methylhistamine was confirmed by isotope dilution assay. 
In one experiment with a group of mice given both aminoguanidine (10 
y per gm.) and IBINH (70 y per gm.) and then 0.5 y per gm. of C"*-his- 
tamine, the urine, which had no significant Peak 1 or Peak 2, assayed his- 
tamine 45 per cent, 1 ,4-methylhistamine 55 per cent, and 1 ,5-methylhista- 
mine 0. Similarly, urine from a group of guinea pigs given both inhibitors 
assayed histamine 56 per cent, 1,4-methylhistamine 44 per cent, 1,5- 


| methylhistamine 0. 


The inhibitor, IBINH, thus does not block methylation of histamine; 
it prevents the oxidation of 1 ,4-methylhistamine to 1 ,4-methylimidazole- 
acetic acid. 

Injection of ethionine into mice prior to C-histamine results in some 
suppression of Peak 2. This is presumed to result from a blocking of the 
methylation reaction, but it is far from complete even with high concentra- 
tions of ethionine. 


DISCUSSION 


The experiments described in this paper use minute amounts of injected 
C“-histamine. They are designed to test the metabolic pathways of hista- 
mine released from a bound condition in mammalian tissues. It is this 
histamine which is of great importance in allergic and inflammatory con- 
ditions. There is another source of histamine, that absorbed from the 
intestine. The findings presented in this paper are not necessarily valid 
for intestinal histamine. 

Both guinea pigs and mice show a remarkable specificity in methylating 
physiological quantities of histamine only in the ring nitrogen remote from 
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the side chain. Presumably the other ring nitrogen is protected from meth- 
ylation by steric effects of the side chain. When mice are given large doses 
of histamine, however, both ring nitrogens are methylated. Karjala and 
Turnquest isolated a mixture of the 2 isomers of methyl-ImAA which con- 
tained about 25 per cent of the abnormal 1,5 isomer (9). 

We have not attempted to demonstrate whether methylation of the side 
chain nitrogen occurs. As this compound would be further metabolized 
to give ImAA and ImAA-riboside, it was of less interest to us than the inter- 
mediate in the formation of the unidentified compound of Peak 2. Its pos- 
sible occurrence will be tested in the near future. 

Investigation in vitro of the histamine-methylating enzyme and of the 
oxidative enzyme is in progress. The latter may be a monoamine oxidase 
since it is inhibited by Marsilid and IBINH, both strong inhibitors of mono- 
amine oxidase. However, a monoamine oxidase preparation from mouse 
liver which readily oxidized tyramine had no detectable effect on 
1,4-methylhistamine when measured manometrically.4 Furthermore, 
choline-p-tolyl ether bromide, which we have invariably found to inhibit 
the action of monoamine oxidase on several substrates in intact animals 
(13), had no detectable effect on the formation of methyl-ImAA in mice. 
It is highly improbable that the oxidative enzyme is diamine oxidase be- 
cause aminoguanidine, the most powerful diamine oxidase inhibitor known, 
does not inhibit the formation of methyl-ImAA. 


SUMMARY 


A hitherto unidentified enzyme system called ‘“histamine-metabolizing 
enzyme II” has been found to be a composite of a methylating enzyme and 
an oxidative enzyme. Physiological quantities of histamine injected into 
mice and guinea pigs are in part metabolized by methylation of the ring 
nitrogen remote from the side chain. Some of this methylhistamine, 1- 
methyl-4(8-aminoethyl)imidazole, is excreted unchanged in the urine. 
Some is oxidized to 1-methylimidazole-4-acetic acid. There is no meth- 
ylation in the nitrogen adjacent to the side chain. When animals are given 
a powerful inhibitor of ‘‘histamine-metabolizing enzyme II,” 1-isobutyl-2- 
isonicotinylhydrazine, methylation of histamine proceeds but the subse- 
quent oxidation reaction is blocked. The properties of the methylating 
enzyme and of the oxidative enzyme are under investigation. Quantita- 
tive analyses of histamine metabolites in mouse and guinea pig urine are 
given. It is believed that all major histamine metabolites are now identi- 


fied. 
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PYRIMIDINE METABOLISM 


I. ENZYMATIC PATHWAYS OF URACIL AND THYMINE 
DEGRADATION* 


By E. 8S. CANELLAKISt 


(From the Department of Pharmacology, Yale University School of Medicine, 
New Haven, Connecticut) 


(Received for publication, November 8, 1955) 


A study of the incorporation of uracil, uridine, and uridylic acid into the 
ribonucleic acid of rat liver slices (1) showed the presence of enzyme sys- 
tems in liver that rapidly degrade pyrimidine compounds. As a conse- 
quence of this observation, an inverse relationship between uracil incorpo- 
ration into liver RNA' and the degradation of this pyrimidine with 
liberation of CO. was noted. The present study deals with the enzymatic 
pathways involved in the degradation of uracil and thymine. The work 
of Fink et al. (2, 3) indicated that the first step in the catabolism of thy- 
mine by the rat is its reduction to dihydrothymine, with the subsequent 
formation of B-ureidoisobutyric acid and B-aminoisobutyric acid; a similar 
pathway for the breakdown of uracil was suggested. The present study 
shows that this pathway is common to both uracil and thymine, that the 
initial reduction is TPNH-dependent, and that the cleavage of the corre- 
sponding 8-ureido compounds is not phosphorolytic in nature as in the 
breakdown of citrulline (4-6). 


EXPERIMENTAL 


Rat livers were homogenized in 0.4 volume of 0.1 m Na phosphate buffer, 
pH 7.4, at 0°. The homogenate was centrifuged at 100,000 X g for 90 
minutes at 0°, and the supernatant fluid was removed carefully to avoid 
contamination with the particles. The supernatant fluid was used as such 
or was converted to acetone-dried powder by stirring with 60 volumes of 


* This investigation was supported in part by a grant from the American Cancer 
Society as recommended by the Committee on Growth of the National Research 
Council. 

t The author wishes to acknowledge a fellowship grant from The Squibb Institute 
for Medical Research. 

1 The abbreviations used are RNA, ribonucleic acid; TCA, trichloroacetic acid; 
DPN and DPNH, diphosphopyridine nucleotide (oxidized and reduced forms, re- 
spectively); TPN and TPNH, triphosphopyridine nucleotide (oxidized and reduced 
forms, respectively); ATP, adenosine triphosphate; ADP, adenosine diphosphate; 
AMP, adenosine monophosphate; IMP, inosine monophosphate; G-6-P, glucose-6- 
phosphate; Tris buffer, tris(hydroxymethyl)aminomethane; DHU, dihydrouracil; 
8-UPA, 8-ureidopropionic acid; EDTA, ethylenediaminetetraacetate. 
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cold (—20°) acetone and was subsequently filtered. Under these conditions 
42 ml. of clear supernatant fluid were obtained from 100 gm. of rat liver 
and were converted to 3.6 gm. of acetone-dried powder. 

Uracil-2-C“ was obtained enzymatically from orotic acid-2-C™ as de- 
scribed previously (1). 8-Ureidopropionic acid labeled in the ureido group 
with C* (UPA-C") was obtained by condensing §-alanine with potassium 
cyanate; this was subsequently heated with HCl to yield dihydrouracil- 
2-C“ (DHU-2-C") (7). Crystalline alcohol dehydrogenase of yeast was 
prepared according to the method of Racker (8). Glucose-6-phosphate 
dehydrogenase was obtained from Dr. 8. Rieder and thymine-2-C" (9) from 
Dr. A. D. Welch. 

Incubation Conditions—Acetone-dried powder, 100 mg., or its equivalent 
of supernatant fluid, was used; the acetone-dried powder was extracted 
with 1.0 ml. of 0.05 m Tris buffer, pH 7.3, at 0°. To this was added 0.45 
umole of uracil-2-C™, 5.0 ymoles of DHU-2-C", or 5.0 wmoles of UPA-C*, 
The final incubation volume was 3.0 ml. Of this, 0.5 ml. was removed at 
zero time and added to 0.2 ml. of 10 per cent TCA, to precipitate the pro- 
teins. After centrifugation, a sample of the supernatant fluid was plated 
on a nickel planchet (Tracerlab), oven-dried at 80° for 4 to 16 hours, and 
counted. The reproducibility of this method was within +5 per cent. 
Subsequent samples taken at various times of incubation were similarly 
treated. Within the accuracy of the method the recovery of C™Oz: as 
BaC"O; after enzymatic degradation of the three substrates (uracil-2-C", 
DHU-2-C", UPA-C") was the same as the loss of C“ by the plating proce- 
dure. This method was therefore used to measure the extent of the reac- 
tions. 


RESULTS AND DISCUSSION 


Distribution of Enzymatic Activity—According to the data of Table I, the 
complete enzyme system which decomposes uracil-2-C" to yield CO, re- 
sides mainly in the supernatant fluid of the rat liver homogenate. The 
enzymatic activity of rat liver slices approximates that of the unfortified 
supernatant fluid. When the tissue was homogenized, a loss in enzymatic 
activity was found. Addition of microsomes to the supernatant fluid also 
resulted in an inhibition of enzymatic activity. It is therefore conceivable 
that, although the particulate fractions were found to be unable to degrade 
uracil as reported by Rutman e¢ al. (10), the enzymatic systems may be 
present in these various fractions, but the activity cannot be exerted be- 
cause of some inhibiting factor; e.g., the TPNH oxidase found by Dr. B. 
La Du? to occur in microsomes. This enzyme could oxidize the TPNH 
which, as will be shown, is required by the enzymatic system under study. 


2 Personal communication, Dr. Bert La Du, National Heart Institute, National 
Institutes of Health, Bethesda, Maryland. 
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Cofactor Requirements—Fig. 1 shows that the enzymatic activity of the 
liver supernatant fluid was retained by the extracts of the acetone-dried 
powder. Although a 3 hour dialysis of such extracts resulted in partial 


TABLE I 
Degradation of Uracil-2-C'4 to C'4O2 by Rat Liver Fractions 


The equivalent of 1 gm. of liver, wet weight, of the corresponding fractions was 
incubated for 30 minutes in the presence of 0.45 umole of substrate. 





Per cent of total added radioactivity 








: | Fortified | Supernatant Supernatant 
Liver Whole Supernatant hei A 

F : supernatant uid plus uid and 
slices homogenate | fluid | fluid* | fluffy ioert fluffy layert 

50 22 60 | 98 | 35 | 25 


* Contains 300 y of TPN, 7 mg. of G-6-P, and 0.05 ml. of G-6-P dehydrogenase. 
+ 0.4 mg. of dry weight of fluffy layer. 
{0.8 mg. of dry weight of fluffy layer. 
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Fig. 1. Reactivation of acetone-dried powder extract with DPN and TPN after 
3hours dialysis. O, extract of 100 mg. of acetone-dried powder of rat liver incu- 
bated with 0.45 umole of uracil-2-C*; A, same as O after dialysis for 3 hours against 
Tris buffer; X, same as A, but with DPN (4 mg.) plus alcohol dehydrogenase and 


ethanol (0.1 ml.); @, same as A, but with TPN (300 y) plus G-6-P (7 mg.) and G-6-P 
dehydrogenase. 


inactivation, this activity was restored completely and indeed increased by 
the addition of TPN plus G-6-P dehydrogenase and G-6-P as a hydrogen 
source; DPNH or DPN plus alcohol dehydrogenase of yeast and ethanol 
also was effective under these conditions. After prolonged dialysis (24 to 
40 hours) against 0.05 m Tris buffer, the acetone powder extract was com- 
pletely inactive (Fig. 2). Under these conditions the activity could not 
be restored by the addition of DPNH or DPN plus alcohol dehydrogenase 
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and ethanol unless TPN was present. Enzymatic activity was regained 
completely (Fig. 2) following the addition of TPN, G-6-P dehydrogenase, 
and G-6-P. This indicates the possible presence of a DPN-TPN transhy- 
drogenase (11) which can form TPNH from TPN if DPNH is supplied, 
In some of the early experiments, activation apparently was obtained by 
the addition of ATP, ADP, AMP, or IMP to the undialyzed supernatant 
fluid. The cause of this activation was not pursued since it was not re- 
producible, and, in later experiments with dialyzed extracts of the acetone- 
dried powder, a requirement for these compounds was not observed. 
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Fig. 2. Reactivation of acetone-dried powder extract with TPN after 24 to 40 
hours dialysis. X, extract of 100 mg. of acetone-dried powder of rat liver incubated 
with 0.45 umole of uracil-2-C4; A, same as X after dialysis for 24 to 40 hours against 
Tris buffer; 0, same as A, but with DPN plus ethanol and the alcohol dehydrogenase 
of yeast; @, same as A, but with TPN plus G-6-P and G-6-P dehydrogenase; O, same 
as A, but with DPN plus ethanol, alcohol dehydrogenase, and TPN. 


Formation of DHU, B-UPA, and B-Alanine—The formation of DHU in 
this reaction and its subsequent hydrolysis to yield B-UPA have been dem- 
onstrated by incubating uracil-2-C" and acetone-dried powder extracts in 
the presence of 5 mg. of carrier DHU or B-UPA. These amounts of carrier 
are in excess of those which can be degraded by the enzyme systems under 
study. At the end of the incubation additional carrier (150 mg.) was 
added, and this was then isolated. After the second and third recrystalli- 
zation, values of 23 and 24 c.p.m. per mg. and 24 and 25 ¢.p.m. per mg., 
respectively, were obtained for the DHU and 6-UPA. 6-UPA and 6-ala- 
nine were identified by paper chromatography, the former with a solvent 
consisting of isopropanol, concentrated HCl, and water (85:20.5:19.5 vol- 
ume per volume per volume) (12) had an Ry of 0.92, while the latter, with 
a solvent consisting of phenol and water (100:26 weight per volume), had 
an Rr of 0.60. 
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The DHU formed by the reduction of uracil is unstable at pH above 10. 
In the presence of 0.1 n NaOH it is hydrolyzed to B-UPA, which was 
identified by paper chromatography as previously described. This con- 
version was followed spectrophotometrically at 253 my by the disappear- 
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Fic. 3. Time-course of decomposition of DHU in 0.1 Nn NaOH. The optical den- 
sity of a 5.6 X 10-4 m solution of DHU in 0.1 n NaOH was measured at 253 my at 
various time intervals. 


TaBLe II 
Rates of Degradation of Uracil-2-C'*, DHU-2-C, and UPA-C4 to C40, 
Extract of 100 mg. of acetone-dried powder dialyzed for 24 hours against 0.05 m 
Tris buffer, incubated with the substrates in 0.05 m Tris buffer, pH 7.3. 








Per cent of total added radioactivity 








Incubation time, 





rae ng Uracil-2-cu | Uracil-2-Cu ||) DHU-2-C™ | UPA-Ci 
| - 2 
0.45 umole* | 0.90 umole* 5.0 umoles | 5.0 pmoles 
15 80 19 | 85 83 
30 | 98 42 | 95 97 
60 70 | 
i | 





* Fortified with TPN, G-6-P, and G-6-P dehydrogenase. 





ance of the end-absorption characteristic of DHU. 
time-course of this chemical reaction. 

Rates of Degradation of Uracil-2-C“, DHU-2-C“, and UPA-C“—Incu- 
bation of uracil-2-C'"%, DHU-2-C™, and UPA-C™ with acetone powder ex- 
tracts indicate (Table II) that, whereas DHU and 6-UPA are degraded at 
similar rates, the rate of degradation of uracil is appreciably slower. When 
1.0 umoles of uracil-2-C™ are added, the sluggishness of the reaction does 


In Fig. 3 is seen the 
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not permit the rate to be measured with sufficient accuracy. This estab- 

lishes the rate-limiting reaction as being the initial reductive step and ex- 

plains the difficulty (3) encountered in the isolation of these intermediates. 
Effect of Arsenate and Phosphate—The possibility that the cleavage of 

B-UPA to B-alanine is of the citrullinase type (4-6), involving a formation 


TaBLeE III 
Effect of Mgt+, ADP, ATP, Phosphate, Arsenate, and EDTA on Degradation of 
UPA-C to C40, 
Extract of 75 mg. of acetone-dried powder dialyzed for 24 hours against 0.05 u 
Tris buffer, pH 7.3, and incubated with 5.0 umoles of substrate in Tris buffer. 























Per cent of total added radioactivity 
Time mated 
None Mg ADP, PO. ATP PO.= Arsenate EDTA 
5 X 10°°* 2.3 X 10°3* | 2.5 K 10-3* | 7.5 K 10°2* | 3.2 K 10°3* | 0.5 XK 10* 
min. 
15 56 53 45 | 46 35 30 | 50 
30 95 94 96 96 90 80 | 95 








* Additions (the figures indicate final molarity). 


TABLE IV 
Degradation of Thymine-2-C'4 to CO. 
Extracts of 100 mg. of acetone-dried powder dialyzed for 24 hours against 0.05 m 
Tris buffer, pH 7.3, and incubated with 0.45 umole of thymine-2-C"™ in Tris buffer. 














Per cent of total added radioactivity 
Incubation Additions 
time 
DPN, ethanol TPN, G-6-P, Sameas3rd col- | Same as 3rd col- 
None alcohol G-6-P umn plus ADP, | umn plus EDTA 
dehydrogenase | dehydrogenase |PO.= 2.5X10-3m|) 0.5 X 10? mM 
min. 
15 0 0 40 45 39 
30 0 0 78 76 80 
60 0 0 95 98 96 























of ATP from ADP, was investigated. Acetone-dried powder extracts 
were dialyzed for 40 hours against three 4 liter changes of 0.05 m Tris buffer, 
pH 7.3, and then were incubated in the presence of ADP, ATP, phosphate, 
or arsenate. From Table III it may be seen that both arsenate and phos- 
phate inhibit the reaction, whereas neither ADP nor ATP has an effect. 
Mg?" is not required, and EDTA does not inhibit the reaction. It is ap- 
parent, therefore, that in contrast to the citrullinase reaction the cleavage 
of B-UPA is not phosphorolytic in nature. 
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Experiments with Thymine-2-C'—Because of the detailed work on the 
degradation of thymine by Fink et al. (2, 3), the present experiments were 
limited to establishing the requirements of the system. The enzymes in- 
volved in thymine degradation are present in the acetone-dried powders 
already described. No cofactors other than TPN could be shown to be 
required for the conversion of thymine-2-C™ to C™“Oz, and the reaction is 
not inhibited by EDTA (Table IV); TPN is essential and cannot be re- 
placed by DPN. 

These experiments have shown that an active enzyme system occurs in 
the rat liver capable of degrading both uracil and thymine. They have 
further indicated that uridine does not appear to be a necessary intermedi- 
ate in the degradation of uracil as has been suggested (10). The liver has 
been shown (13, 14) not to incorporate uracil into RNA, and this has been 
correlated (1) to the rapid catabolism of uracil. It is interesting to note 
that intestinal mucosa which has been shown to incorporate uracil into RNA 
(15) lacks the enzyme systems involved in uracil catabolism.* 


SUMMARY 


Acetone-dried powder extracts of rat liver have been prepared which will 
catalyze the degradation of uracil-2-C™ to C“O, and B-alanine. The inter- 
mediates of this reaction have been found to be dihydrouracil and 8-ureido- 
propionic acid. 

TPNH is required for the formation of dihydrouracil; the conversion of 
8-UPA to 6-alanine appears not to be phosphorolytic in nature. 

The enzymatic system which degrades thymine is present in the same 
fraction and has similar requirements. 


The author wishes to express his appreciation to Dr. A. D. Welch and 
Dr. C. E. Carter for their interest in this work. Thanks are due to Miss 
Coryce Ozanne for her capable technical assistance. 


Addendum—Papers pertinent to this topic have appeared by the following 
authors since this manuscript was submitted for publication: Grisolia and Wallach; 
and Fink, R. M., McGaughey, Cline, and Fink, K. (16). 
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HYPOXANTHINE AS A COFACTOR FOR THE 
ENZYMATIC OXIDATION OF SULFITE* 


By IRWIN FRIDOVICH{ anp PHILIP HANDLER 


(From the Department of Biochemisiry and Nutrition, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, December 5, 1955) 


The oxidation of sulfite to sulfate by liver has been shown to be catalyzed 
by an enzyme system, of which some of the properties have been described 
(1-3). In continuation of these studies it was found that a partially puri- 
fied enzyme preparation was inactivated by dialysis and reactivated by a 


thermostable factor from liver. This factor has been isolated and identified 
as hypoxanthine. 


EXPERIMENTAL 


Materials and Methods—The buffer used throughout these studies was 
0.05 m potassium phosphate, pH 7.8, containing 0.01 per cent Versene Fe- 
III (Bersworth Chemical Company, Framingham, Massachusetts) to pre- 
vent autoxidation of sulfite. Protamine sulfate, hypoxanthine, xanthine, 
inosine, xanthosine, DPN,'! ADP, ATP, coenzyme A, glutathione, flavin 
mono- and dinucleotides, TPN, and pyridoxal phosphate were commercial 
preparations. DL-a-Lipoic acid was generously provided by Dr. T. H. 
Jukes (Lederle Laboratories, Pearl River, New York). Dimercapto lipoate 
was prepared by reduction with borohydride, and a sample was also kindly 
provided by Dr. L. J. Reed. Inosine triphosphate was prepared from ATP 
by the procedure of Kleinzeller (4). Xanthine oxidase was a commercial 
preparation of the Worthington Biochemical Corporation, Freehold, New 
Jersey. 

Protein concentrations were determined according to Warburg and Chris- 
tian (5); Dowex 1 chromatography was conducted by the method of Cohn 


* These studies were supported, in part, by grant No. RG-91 from the National 
Institutes of Health, and contract No. AT-(40-1)-289 between the Atomic Energy 
Commission and Duke University. 

A preliminary report was presented to the American Society of Biological Chem- 
ists, San Francisco, April 17, 1955 (1). 

t The data presented are taken from a dissertation submitted by Irwin Fridovich 
to Duke University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. 

1 The following abbreviations are used in the text: DPN, diphosphopyridine nu- 
cleotide; TPN, triphosphopyridine nucleotide; ADP, adenosine diphosphate; ATP, 
adenosine triphosphate; ITP, inosine triphosphate; FMN, flavin mononucleotide; 
FAD, flavin adenine dinucleotide; and AMP, adenosine monophosphate. 
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and Carter (6). Carbohydrate was estimated with anthrone (7), pentose — 1, 
with orcinol (8), and amino acids with ninhydrin (9). Sulfhydryl groups ¢ su 
were assayed with nitroprusside (10); organic sulfur was sought by an io- | ti 
dine-azide spot test (11). Phosphate was determined according to Fiske § ch 
and Subbarow (12) and formaldehyde by the chromotropic acid procedure 
(13). tic 

Enzyme Preparation—Unless otherwise stated, all manipulations were } tic 
carried out at 0-5°. An acetone powder of dog liver was extracted by con- | zy 
tinuous stirring with 10 volumes of buffer for 2 hours. The resultant slurry } ch 
was clarified by centrifugation and the supernatant fluid, designated as 
F-I, was rapidly brought to 60° by immersion in a water bath at 70° and 
immediately chilled in an ice bath. Mechanical stirring was maintained 
throughout. The precipitated protein was removed by centrifugation and 
the supernatant fluid (F-IT) was adjusted to pH 5.5 by dropwise addition 


TABLE | 
Partial Purification of Sulfite Oxidase 











Fraction No. | Protein concentration | O, uptake Specific activity 
mg. per ml. | hl. per min. ul. O, per 100 mg. per min. 
1 59 2.2 3.7 
Il 28 2.6 9.3 
Ill 17 3.2 | 18.8 | 
IIIA 15 | 3.9 | 26.0 the 








ne - 0.1 
f 
of 3.0 m sodium acetate buffer at pH 4.6. After 15 minutes in an ice bath, i 
the mixture was centrifuged and the supernatant fluid was adjusted to pH f line 
7.8 with 0.5 N sodium hydroxide and designated as F-III. To F-III, at | &* 
pH 6.0, was added 0.1 volume of a 2 per cent solution of protamine sulfate, pi 
pH 5.5. The precipitate was removed by centrifugation and the super- 
natant fluid, after adjustment to pH 7.8, was designated F-IIIA. It was | nee 
stored frozen with little loss of activity for as long as 6 months. The re- f tio 
sults of this purification scheme are presented in Table I. iza 

Enzyme Assays—Manometric assays of enzyme activity were performed | fac 
in standard Warburg micro respirometers at 37.5° with air as the gas phase. 
Alkali was omitted from the center wells since the oxidation of sulfite is not 
accompanied by the production of carbon dioxide. Each flask contained ] 
1.0 ml. of enzyme and 20 umoles of sodium sulfite in a final volume of 2.2 f ple 
ml. of buffer. Th 

Dye reduction assays of enzyme activity were performed at room tem- | unc 
perature in Thunberg tubes which were carefully flushed with nitrogen | illu 
several times before being evacuated and sealed. Each tube contained | cof 
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1.0 ml. of enzyme, 0.1 umole of methylene blue, and 20 umoles of sodium 
sulfite in a final volume of 8.5 ml. of buffer. The reaction was started by 
tipping the sulfite into the main compartment, after which optical density 
changes were followed at 6500 A in a Coleman junior spectrophotometer. 

Factor Assays—The dialyzable, thermostable cofactor for sulfite oxida- 
tion was assayed by its ability to restore activity to a well dialyzed prepara- 
tion of dog F-IIIA in the dye reduction assay described above. The en- 
zyme used in these routine assays was dialyzed for 48 hours against several 
changes of stirred, cold buffer, and was then frozen in small aliquots until 





A 0.0. 6500 A° 
o 
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0 10 20 30 40 50 60 





MINUTES 

Fic. 1. The effect of dialysis of dog liver sulfite oxidase on its ability to catalyze 
the reduction of methylene blue. Each Thunberg tube contained 20 umoles of sulfite, 
0.1 umole of dye, and 1.0 ml. of the indicated enzyme preparations in a final volume 
of 8.5 ml. buffered by 0.05 m potassium phosphate, pH 7.8, containing 0.01 per cent 
Versene Fe-III. O represents the activity of the undialyzed enzyme. The base- 
line represents the complete inactivity of the dialyzed enzyme (@) and of the boiled 
extract of the undialyzed enzyme (A), acting separately. The restoration of activ- 


ity, by the boiled extract, to the dialyzed enzyme is illustrated by the middle curve 
(@). 


needed. The amount of factor in a given solution was estimated by dilu- 
tion until an aliquot (1.0 ml.) was just sufficient to allow complete decolor- 
ization of the dye. Suitable controls, containing either no enzyme or no 
factor, were routinely included. 


Results 


Dialysis of dog F-IIIA against cold buffer for 48 hours resulted in com- 
plete loss of its ability to catalyze the reduction of methylene blue by sulfite. 
The dialyzed enzyme was restored to full activity by a boiled extract of the 
undialyzed enzyme which was itself completely inactive. These findings, 
illustrated in Fig. 1, indicate the existence of a dialyzable, thermostable 
cofactor essential to the enzymatic reduction of methylene blue by sulfite. 
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Riboflavin, FMN, FAD, DPN, TPN, AMP, ADP, ATP, lipoic acid, oxi- 
dized glutathione, cystine, coenzyme A, pyridoxal phosphate, and thiamine 
pyrophosphate were found unable to restore activity to the dialyzed F-IIIA, 

Properties of Factor—A boiled extract of a 10 volume aqueous homogenate 
of fresh calf liver proved to be a convenient source of the factor and was 
routinely used in the studies leading to its isolation and identification. The 
factor was found to be stable to 1.0 N acid or alkali at 100° for 10 minutes 
but was destroyed by ashing. It was not affected by nitrous acid but was 
destroyed by 0.1 N potassium permanganate in 10 minutes at room tem. 
perature and by 3 per cent H.O, in 10 minutes at 90°. The factor was 
also destroyed by bromine water at room temperature. This behavior sug. 
gested that the factor contained no acid-labile phosphate or free amino 
groups and that it was easily oxidized and perhaps unsaturated. The fae- 
tor was retained from acid solution by Dowex 50 in the hydrogen form and 
from alkaline solution by Dowex 1-chloride. It was, therefore, effectively 
cationic in acid solution and anionic in alkali. 

Isolation of Factor—2 kilos of calf liver were homogenized and the homog- 
enate poured into boiling water to a final volume of 8 liters. The slurry 
was boiled for 15 minutes, chilled in ice, and filtered. The filtrate was ad- 
justed to pH 8.5 with 5.0 n KOH, and 100 ml. of saturated BaCl, were 
added. After addition of an equal volume of 95 per cent ethanol, the pre- 
cipitate of glycogen and the barium salts of various organic phosphates was 
allowed to settle in the cold for 12 hours and was removed by filtration. 
The clear supernatant fluid was concentrated to a final volume of 1.5 liters 
by vacuum distillation. In 500 ml. aliquots, it was adjusted to pH 1.0 and 
put onto a 5 X 15 em. column of Dowex 50, hydrogen form. The column 
was washed with 500 ml. of 0.1 Nn HCl and the factor eluted with 1 liter of 
0.5 Nn KOH. The alkaline eluate was adjusted to pH 7.5 and the factor 
precipitated by addition of 0.1 volume of 1.0 m mercuric acetate. The 
precipitate was allowed to settle in the cold for 1 hour, collected on a Biich- 
ner funnel, and washed with 100 ml. of HO. The cake of precipitate was 
then suspended in water and decomposed with H.S. The black residue of 
HgS was removed by centrifugation, the clear filtrate was freed of HS by 
forced aeration for several hours, and then made 1.0 m with respect to NH; 
It was placed on a 5 X 15 cm. column of Dowex 1-chloride, and the column 
was washed with 3 liters of 1.0 m NH, and eluted with 0.1 m NHsz, 0.01 ™ 
NH,Cl. The eluate was collected in 250 ml. aliquots and elution of the 
factor was followed by its absorption at 2600 A. The peak fractions were 
pooled and the mercury precipitation and Dowex 1-chloride chromatog- 
raphy were repeated. The active eluate, freed of excess NH; in a vacuum 
desiccator over H.SO,, was used for the identification of the factor. 

Identification of Factor As Hypoxanthine—The solution which resulted 
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from the isolation described above was rich in factor activity. Its absorp- 
tion characteristics in acid and alkali suggested that the solution contained 
hypoxanthine (Table II). Assuming that the factor might contain hy- 
poxanthine as part of its structure, the extinction coefficient of hypoxan- 
thine at 2500 A was used as an index of the concentration of the factor in a 
given solution. 

The factor was found to contain no carbohydrate, no pentose, no nin- 
hydrin-reactive component, no sulfhydryl, disulfide, or organic sulfur, and 
no phosphate, even after vigorous acid hydrolysis. When the factor was 
refluxed for 8 hours in 5.0 Nn HCl, its characteristic ultraviolet absorption 
vanished and ninhydrin reactivity appeared. Chromatography on What- 
man No. 1 filter paper in acetone-triethylamine-water (80:1:20)? sug- 
gested that the ninhydrin-reactive component might be glycine. This was 
established by reaction with ninhydrin, followed by distillation into bi- 

















sulfite and final identification of formaldehyde in the distillate. Glycine 
TaBLe II 
Absorption Characteristics of Factor 
Mi f | Mi f| 2500. 
maximal acid | maximal alkali | 3600 *Ci4A | 3695 alkali A 
- —_——— —— _ | 

GER | 2500 | 200 | 1.37 | 0.80 
Hypoxanthine................. 2500 2570 1.43 | 0.78 








has been shown to be one of the products of the acid hydrolysis of hypoxan- 
thine (14). At this point the simple identity of the factor with hypoxan- 
thine was suspected. 

Hypoxanthine completely replaced the factor in the methylene blue re- 
duction assay. Hypoxanthine and factor were found to migrate with iden- 
tical Ry on Whatman No. 1 paper in n-butanol saturated with water (15), 
n-butanol saturated with 0.1 n HCl (16), and in n-butanol-morpholine- 
water (3:1:4) (16). 

Specificity of Factor—In the dye reduction assay, hypoxanthine could be 
replaced by inosine but not by ITP. Xanthine and xanthosine were ap- 
proximately one-tenth as active as hypoxanthine, but this activity may 
have been due to hypoxanthine impurities in the commercial preparations 
employed. It should be emphasized that these enzyme preparations were 
devoid of xanthine oxidase activity and that dye reduction was dependent 
upon the presence of sulfite as substrate. 

Hypoxanthine and Aerobic Oxidation of Sulfite—Dialysis of dog F-IIIA, 
while entirely eliminating its ability to catalyze sulfite oxidation with meth- 


* Korkes, 8., personal communication. 
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ylene blue as the electron acceptor, only slightly depressed its ability to 
catalyze the aerobic oxidation of sulfite. Addition of hypoxanthine ef- 
fected, at most, a doubling of respiratory sulfite oxidation. If the same en- 
zyme system is operative in both assays, since hypoxanthine is an essential 
cofactor to the dye reduction system, it seemed reasonable that hypoxan- 
thine must also be involved in aerobic sulfite oxidation. Two attempts 
were made to determine whether dialyzed F-IIIA contained trace amounts 
of “bound” hypoxanthine which are adequate for maximal aerobic sulfite 
oxidation. Both procedures met with limited success. As illustrated in 
Fig. 2, passage of dialyzed F-IIIA through a 3 cm. column of charcoal re- 
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Fig. 2. The effect of charcoal treatment of dialyzed dog liver sulfite oxidase and 
its partial reversal by catalytic amounts of hypoxanthine. Each flask contained 40 
umoles of sulfite, 1.0 ml. of enzyme, and, where indicated, 1.0 umole of hypoxanthine, 
in a final volume of 2.2 ml. buffered as in Fig. 1. O, dialyzed F-IIIA; A, dialyzed 
F-IIIA passed through 3 cm. of acid-washed unground Nuchar C; @, charcoal- 
treated, dialyzed F-IIIA plus 1.0 wmole of hypoxanthine. 


sulted in 45 per cent inhibition which was only partially alleviated by cata- 
lytic levels of hypoxanthine. Treatment of the enzyme with purified xan- 
thine oxidase, as shown in Fig. 3, markedly reduced the capacity for aerobic 
sulfite oxidation. Unfortunately, reversal of this inhibition by addition 
of hypoxanthine could not be attempted owing to the continued presence 
of xanthine oxidase. Whatever the mechanism of action of hypoxanthine} anae 
in this system, it is noteworthy that the hypoxanthine added to F-IIIAF taine 
respiring in the presence of sulfite could be completely recovered, as such, 4 | 
after respiration ceased. Cars 

Stoichiometric Requirement for Hypoxanthine—Early in these investiga- 
tions it became clear that the amount of methylene blue reduced anaerobi- 
cally by sulfite in assays with dialyzed dog F-IIIA was directly related to 
the amount of cofactor added. (For this reason the assay was peculiarly 
useful quantitatively and facilitated monitoring of the isolation procedure 
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as described above.) The stoichiometric relationship between dye reduced 
and hypoxanthine added is illustrated in Fig. 4. In the absence of sulfite, 
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Fic. 3. The effect of xanthine oxidase on the activity of dog liver sulfite oxidase. 
Each flask contained 20 pmoles of sulfite and 1.0 ml. of enzyme in 2.2 ml., buffered 
asin Fig. 1. ©, dialyzed dog F-IIIA; @, dialyzed dog F-IIIA preincubated for 1 
hour at room temperature with 0.75 methylene blue units (17) of xanthine oxidase. 
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Fic. 4. Stoichiometric equivalence of hypoxanthine and methylene blue in the 

anaerobic oxidation of sulfite by dog liver sulfite oxidase. Each Thunberg tube con- 

tained 20 umoles of sulfite, 0.1 zmole of methylene blue, 1.0 ml. of dialyzed dog F-IIIA, 

and additions of hypoxanthine, in a final volume of 8.5 ml. of buffer, as follows: 

Curve 1, 0.00 umole; Curve 2, 0.03 umole; Curve 3, 0.06 umole; and Curve 4, 0.10 umole. 


no amount of hypoxanthine would cause reduction of the dye by the en- 
zyme; dog F-IITA was devoid of xanthine oxidase activity and the hypo- 
xanthine, therefore, acted solely as a cofactor to the oxidation of sulfite. 
The possibility that sulfite was somehow activating a latent xanthine 
oxidase activity in dog F-IITA was checked by treating dog F-IIIA with 
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40 umoles of sulfite per ml., followed by removal of the sulfite by dialysis 
against cold buffer. Enzyme thus treated retained its sulfite oxidase ac- 
tivity but remained completely inactive when assayed for xanthine oxidase, 

The stoichiometric requirement for hypoxanthine in the dye reduction 
system is not readily compatible with the usual concept of a respiratory co- 
factor which serves by alternate reduction and reoxidation. As a working 
hypothesis, it has been postulated that in the present system hypoxanthine 
is first reduced to a derivative of unknown structure, and then reoxidized. 
However, this reoxidized form is not immediately available for reutilization 
under the prevailing conditions and only one turn of a respiratory cycle is 
possible. Since the anaerobic assay was invariably performed in the pres- 
sence of a large excess of bisulfite, the most obvious explanation has ap- 
peared to lie in one of two mechanisms. Thus, the data are compatible 
with the possibility that the immediately reoxidized form of hypoxanthine 
has a carbonyl group which can bind HSO; and thus be inactivated, or 
that the reduced form has a carbonyl group which can bind bisulfite and 
still permit reoxidation, but which cannot then shed its bisulfite addition 
compound and be reutilized. Some evidence supporting this hypothesis 
has been obtained. 

The existence of an enzyme capable of catalyzing the desmolysis of alde- 
hyde-bisulfite addition compounds has been reported (1) and this enzyme 
has been partially purified.* It is, therefore, noteworthy that only those 
preparations of liver sulfite oxidase from which this ‘desmolase” has been 
removed by treatment with protamine sulfate exhibit a requirement for 
external hypoxanthine stoichiometric with the amount of dye reduction. 
This observation is in keeping with the postulated formation of a bisulfite 
addition compound which cannot be reutilized. Further, a protein-free 
filtrate from a completed dye reduction assay could not be used to replace 
hypoxanthine in a second assay system. However, on standing overnight, 
this solution regained activity equal to about 60 per cent of the hypoxan- 
thine initially present. Since direct formation of a bisulfite-hypoxanthine 
addition compound does not occur, this behavior again is compatible with 
the working hypotheses described above. Present studies are directed at 
the demonstration of a reduced form of hypoxanthine and of the nature of 
the final inactive form obtained in the presence of sulfite. 


SUMMARY 


Partial purification of the sulfite-oxidizing enzyme system of dog liver 
has been effected. The preparation was devoid of a-hydroxysulfonic acid 
desmolase activity, but catalyzed reduction of oxygen and of methylene 
blue. Dialysis inactivated the methylene blue reducing system; activity 


3 Fridovich, I., Eichholz, A., and Handler, P., unpublished data. 


XUM 





ialysis 
ise ac- 
<idase, 
uction 
ory co- 
orking 
nthine 
idized. 
ization 
-ycle is 
€ pres- 
1as ap- 
patible 
unthine 
ted, or 
ite and 
ddition 
othesis 


of alde- 
enzyme 
y those 
as been 
rent for 
duction. 
bisulfite 
ein-free 
replace 
ernight, 
ypoxan- 
canthine 
ble with 
ected at 
ature of 


log liver 
mic acid 
ethylene 

activity 





XUM 





I. FRIDOVICH AND P. HANDLER 331 


was restored by a boiled extract of active enzyme and by boiled extract of 
whole liver. The active principle in these extracts was identified as hy- 
poxanthine, which appears to serve as a respiratory cofactor for the oxida- 
tion of sulfite. 


oo on oof Whe 
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A STUDY OF THE EFFECTS OF GROWTH HORMONE ON 
FATTY ACID METABOLISM IN VITRO* 
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and the Department of Chemistry, Temple University, 
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As part of an investigation of regulatory mechanisms in fatty acid me- 
tabolism, a study was undertaken of the effects of the growth hormone of 
the pituitary gland. The well established ketogenic action of this hormone 
(1-6), its fat-mobilizing and respiratory quotient-lowering effects (7-12), 
its growth-promoting activity whereby the protein content of an animal is 
increased at the expense of body fat (12-14), and its apparent inhibitory 
action on fatty acid synthesis (15-17) all point to an involvement of this 
hormone in the metabolism of fatty acids. However, the biochemical sites 
thereof remain obscure. 

The possibility that the growth hormone may exert a direct action on 
fatty acid catabolism in liver rests on numerous studies in which it was 
observed that liver preparations of animals treated prior to sacrifice with 
either growth hormone or anterior pituitary extracts exhibited increases in 
oxygen consumption or in ketone body formation in the absence or pres- 
ence of added fatty acids (2, 3, 18-20). In corroboration of this idea, 
Bondy and Wilhelmi (4) and Tepperman and Tepperman (21) found a de- 
creased ketogenesis in liver slices from hypophysectomized rats. However, 
the former investigators found that the ketogenesis of surviving liver slices 
of normal rats was not affected by the growth hormone, whether previously 
administered in vivo or added in vitro. The decrease in ketogenesis dis- 
played by liver slices of hypophysectomized rats was attributed by Bondy 
and Wilhelmi (4) to reduced thyroid function, since this effect was over- 
come by administration of thyroxine. Shipley (22) found a 46 per cent 
rise in the endogenous ketone body production of liver slices from fed rats 
on the addition of anterior pituitary extract in an amount equivalent to 
20 mg. of fresh gland. A 27 per cent increase was observed in liver slices 
from fasted rats. However, Campbell and Davidson (18) found no effect 


* This work was supported by a grant (No. G-1) from the National Science Foun- 
dation and has been aided in part by grants from the National Institutes of Health, 
Public Health Service, and the American Cancer Society. 

+ This work will be incorporated in a thesis to be submitted by Arthur Allen to 
the Graduate Council of Temple University in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 
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of added anterior pituitary preparations on oxygen uptake or acetoacetate (2 
production in rat liver slices, and Bondy and Wilhelmi also obtained nega- f © 
tive results with crystalline growth hormone (4). Tepperman and Tepper- 
man (21) observed increased ketogenesis in rat liver slices on addition of 
one growth hormone preparation in vitro, but obtained no effects with two 
other growth hormone preparations. 

It is logical to assume that the question of the existence and the nature 
of a direct effect of growth hormone on fatty acid catabolism can be an- 
swered most decisively by studying its action on the catabolism of fatty | ™ 
acids in isolated tissue preparations. Such studies are beset by technical | ™ 
difficulties, however (23). Tissue slices and whole homogenates have a ch 
high endogenous oxygen consumption, and, even when an exogenous sub- = 
strate increases it, there is no assurance that the difference represents the an 
extent of oxidation of the added substrate. Ketogenesis is not a reliable to 
criterion of fatty acid catabolism, particularly in the tissue slice in which | “ 
fatty acids may also be converted to CO, and to amino acids. Added fatty | V¢ 
acids, particularly those of long chain length, exert inhibitory effects on an 
respiration which are difficult to evaluate, and in general it is our experience 
that ketogenesis in the presence of added fatty acids is highly variable. 

Some of these difficulties can be overcome by the use of C"*-labeled fatty 
acids. By these means it is possible at least to obtain objective estimations sh 
of fatty acid oxidation and of ketogenesis by measuring the incorporation se 
of C" into respiratory CO, and acetoacetate, without the uncertainties in- f— '™ 
volved in corrections for endogenous metabolism. In the present report, f 
such experiments are described, slices and homogenates of rat tissues being lot 
used. These have given no indication that the purified growth hormone f ™" 


SB rFPes wy 


exerts any direct effect on the catabolism of fatty acids in rat tissues. ™ 
m 

EXPERIMENTAL th 

The purified growth hormone preparations used in this study were ob- — °° 
tained from two sources. The first one was obtained from the Frank W. ut 


Horner Company, lot No. C-24-34-D. This preparation, when given tof ° 
hypophysectomized female rats in a daily dose of 10 y over a 10 day period, W 
brought about an average weight increase of 11 gm.' With female rats at al 
a normal plateau, according to the assay procedure described by Li et al. Tl 
(24), we found that daily injections of 0.50 mg. over an 18 day period | ™ 
brought about an average weight gain of 1.6 gm. per day as comparedf 
with an average gain of 0.28 gm. per day for control animals. The second > 


preparation was obtained from the Armour Laboratories,? lot No. M-108. gr 
The carboxyl-labeled fatty acids were prepared as described previously | ™ 
/ m 


1 L. Mitchell of the Frank W. Horner Company, private communication. 
2 We are indebted to the Armour Laboratories for supplying us with this material. 
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(23) and the methyl-labeled sodium acetate and the uniformly labeled glu- 
cose (glucose-U-C™) were purchased from the Isotopes Specialties Com- 
pany, Inc., on allocation by the United States Atomic Energy Commission. 
Before use, these labeled substrates were diluted with unlabeled material 
to give final activities in the range of 5000 to 20,000 c.p.m., when assayed 
as barium carbonate according to our standard counting procedure (25). 
All the experiments, unless otherwise noted, were conducted with approxi- 
mately 3 month-old male rats from our colony. Experiments with slices 
were conducted essentially as described by Weinhouse et al. (23), and those 
with homogenates as described by Wenner et al. (25), except that cyto- 
chrome c and fumarate were omitted from the incubation medium. In the 
small scale experiments, with 50 mg. of tissue, carrier carbonate in an 
amount of about 0.25 mmole was added to the contents of the center wells 
to facilitate recovery and assay of respiratory CO.. Except where indi- 
cated otherwise, yields are reported in microatoms of substrate carbon con- 
verted to the product in question, calculated as described in earlier publi- 
cations (25, 26). 


Results 


Oxidation of Fatty Acid in Liver—In experiments such as the typical ones 
shown in Table I, the direct addition of growth hormone to Warburg ves- 
sels in which palmitate-1-C™ was being oxidized by rat liver slices did not 
result in an increased incorporation of labeled carbon into CQ, or aceto- 
acetate. No differences were observed in oxygen uptake or in yields of 
total COz or acetoacetate, these being similar to values reported previously 
in similar experiments (23). Hence, to save space, these data generally 
were omitted from Tables I to V. Radiochemical yields are expressed in 
microatoms of substrate carbon converted per hour per gm. of dry tissue, 
the dry weight being estimated as one-fifth of the fresh weight. ‘These 
conversion values were calculated on the assumption that there is equal 
utilization of all fatty acid carbons (27). Radiochemical yields of aceto- 
acetate were calculated directly from assays of carboxyl and #-carbon. 
With palmitate the ratio of 8 to COOH was 1, and with butyrate it was 
about 0.6; these ratios were uninfluenced by the addition of the hormone. 
The small differences between the supplemented and unsupplemented flasks 
in the utilization of palmitate carbon for CO, production or for ketogenesis 
are not regarded as significant. The conversion of butyrate carbon to CO, 
or to acetoacetate likewise was not affected significantly by the presence of 
growth hormone. As indicated in Experiment 4, pretreatment of the rat 
in vivo with growth hormone likewise had no effect on the oxidation of pal- 
mitate by liver slices. 

The withdrawal of a citric acid cycle component via a side reaction might 
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result in a deficiency of oxalacetate for condensation with acetate, where- 
upon ketogenesis might occur as an alternate metabolic pathway. Reck- 
nagel and Potter (28) showed that the addition of ammonium chloride to 
rat liver slices increased ketogenesis from pyruvate, and they attributed 
this effect to stimulation of the amination of a-ketoglutaric acid, thereby 
withdrawing a potential source of oxalacetate needed for operation of the 


TABLE I 
Effect of Growth Hormone on Fatty Acid Oxidation in Rat Liver Slices 
Each flask contained 4 to 5 gm. of fresh tissue from fed rats, and where indicated, 
4 mg. of purified growth hormone (Horner preparation) suspended in 40 ml. of 
Ringer-phosphate solution, with oxygen in the gas phase. Incubations were carried 
out for 2 hours, except for Experiment 4, which was conducted for 3 hours. Palmi- 
tate concentration was 0.0005 m and butyrate 0.01 m. The values are given in micro- 
atoms of substrate carbon converted to CO: or to acetoacetate per gm. of dry tissue 
per hour. The O2 uptakes are given in micromoles per gm. of dry tissue per hour. 





Oz uptake [Respiratory COz Acetoacetate 
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* Female rats, fasted 72 hours prior to experiment. 
t Growth hormone injected in vivo into female rats pretreated as described for 
Experiment 2, Table IV. 


citric acid cycle. The possibility was considered that the growth hormone 
might, as a consequence of its growth-promoting action, stimulate amino 
acid formation from citric acid cycle components, and thus promote keto- 
genesis. If so, it might be expected that an inhibitory effect of growth 
hormone on fatty acid oxidation or an enhancement of ketogenesis might 
be better manifested in the presence of ammonia. However, as demon- 
strated in Experiments 3 and 5, Table I, neither ketogenesis nor CO: pro- 
duction from palmitate or butyrate was affected by growth hormone in the 
presence of ammonium chloride. 

Kidney—The action of growth hormone in kidney is illustrated in Table 
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II. This experiment is typical of a total of six thus far carried out in which 
the growth hormone did not enhance fatty acid oxidation. The oxidation 
of palmitate was depressed somewhat by the growth hormone,’ the conver- 
sion of palmitate carbon to respiratory CO, having been reduced from 0.45 
to 0.35 microatom. Since kidney homogenates oxidize glucose readily (25), 
this was included as a substrate. Glucose oxidation was also depressed by 
the hormone, from 3.2 to 2.1 microatoms. It was interesting to note that, 
even in the presence of overwhelming quantities of glucose, palmitate oxi- 
dation was as high as in the absence of added glucose and this was also 
true in the presence of added growth hormone. As observed previously 


TaB_e II 
Effect of Growth Hormone on Fatty Acid and Glucose Oxidation in Rat 
Kidney Homogenate 

Each flask contained 50 mg. of homogenized kidney from a fed rat, suspended in 
1.6 ml. of isotonic KCl-phosphate solution. Each vessel contained diphosphopyri- 
dine nucleotide in a final concentration of 0.002 m and, where indicated, 0.20 mg. of 
growth hormone. Palmitate concentration was 0.00025 m and glucose 0.005 m. The 
experiments were conducted 1 hour at 38° with air in the gas phase. The values are 
given in microatoms of substrate carbon converted to CO:. 





Respiratory COs 














Substrates Growth hormone 
Absent | Present 
ae tae 9 ) a bee microatoms C microatoms C ' 
Lo, cee r a hee | 0.45 0.35 
EEE cain orse wes dremrien sine 3.20 | 2.10 
Palmitate-1-C' + glucose. .............| 0.44 0.38 


Glucose-U-C™ + palmitate.............| 0.41 0.26 





(29), the oxidation of glucose was greatly depressed by exogenous palmi- 
tate, but the effect was about the same in the presence or absence of added 
hormone. Thus, in kidney as well as in liver, growth hormone failed to 
influence either glucose or palmitate oxidation, and also had no effect on 
the oxidation of one substrate in the presence of the other. 

Oxidation of Endogenous Fatty Acids—To study possible direct effects of 


3 The inhibitory effect of the growth hormone on respiration appears consistently 
at concentrations greater than 200 y per ml. and is proportional to the level. This 
has been observed with dialyzed purified growth hormone and with whole and dia- 
lyzed pituitary extracts obtained through the kindness of C. H. Li. The inhibition 
was not observed with a 10-fold higher concentration of serum albumin but was ob- 
served with high concentrations of insulin. This effect, which is receiving further 
study, does not seem to be of physiological significance, since it is also obtained with 
heated preparations. 
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the hormone on fatty acid catabolism under somewhat more physiological 
conditions, we investigated the oxidation of endogenous palmitate of liver 
slices, labeled as previously described (29) by prior administration of pal- 
mitate-1-C™ to the intact rat before sacrificing. As seen in Table III, the 
only effect of relatively massive doses of the hormone was to inhibit both 
CO: production and ketogenesis from endogenous fatty acids by about one- 
third? The inhibition was in the total CO, and acetoacetate formed and 
not in the specific activity, indicating that essentially all of the respiration, 
and not just that of the labeled fatty acids, was inhibited in the growth 
hormone-treated tissue. 


Tas.e III 
Effect of Growth Hormone on Oxidation of Endogenous Fatty Acids of 
Rat Liver Homogenate 

Each flask contained 860 mg. of homogenized liver obtained from a 24-hour fasted 
rat suspended in 32 ml. of isotonic KCl-phosphate solution, and, where indicated, 
16 mg. of growth hormone. Each vessel also contained diphosphopyridine nucleo- 
tide in a final concentration of 0.002 m. The experiments were conducted 1 hour 
at 38° with air in the gas phase. The total activity values are specific activity in 
counts per minute times microatoms of product carbon. 














Respiratory COz } Acetoacetate 
Additions to medium 
Amount | Soeciic | Total, | amount | Sugcife | Tata, 
uM c.p.m. c.p.m. | uM hn. c.p.m. 
. Sedna eee 121 129 15,500 13 228 11,900 
Growth hormone..... 76 124 9,400 9 | 212 7,600 








Acetate Metabolism in Normal Rats—In view of the lack of effect of the 
growth hormone on the catabolism of fatty acids in vitro, we turned our 
attention to its possible effects on lipogenesis. Inasmuch as dietary and 
hormonal effects on lipogenesis had been observed previously in liver slices 
metabolizing C'-labeled acetate (17, 30-32), this system was employed in 
the present study. Acetate-2-C™ was used, and the effects of prior growth 
hormone administration on its incorporation into COs, acetoacetate, fatty 
acids, and cholesterol were investigated. The results of these experiments 
are outlined in Table IV. In general, no appreciable differences were ob- 
served in the total amounts of fatty acids and cholesterol isolated from the 
livers used in these experiments, and this was true also of the total yields 
of CO, and acetoacetate. The values obtained were close to those already 
reported in similar experiments (30), and hence are not repeated here. 
With the exception of the glycogen levels and the oxygen uptake values, 
all the data in Table IV are given in radiochemical yields, expressed as 
microatoms of acetate carbon converted per gm. of dry tissue per hour. 
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Inasmuch as the maximal effects of growth hormone on ketogenesis (1-6) 
and fat mobilization (7-12) were observed within a few hours after its ad- 
ministration, it was felt that any effect on lipogenesis might likewise appear 
after such an interval. However, it was deemed advisable to test also the 
effect of prolonged administration. 

In Experiment 1, the hormone-treated animals (3 month-old female rats 
from our stock colony) were given sixteen daily intraperitoneal injections 
of 0.5 mg. of the Horner growth hormone preparation over 19 days, during 
which time they exhibited the typical weight-gain response (24). After a 
subsequent 2 days without the hormone, growth hormone injections were 
resumed, and at the same time the animals were fasted for 24 hours and 
then refed for 24 hours with a high carbohydrate diet to insure adequate 
nutrition (30, 31). They were then given 15 mg. of growth hormone and 
sacrificed 2 to 3 hours later. Three animals each were used in the treated 
and control groups, and the design of these experiments followed exactly 
those previously reported (30, 32). Experiment 2 was conducted essen- 
tially in the same way, except that a final dose of only 5 mg. of growth 
hormone was given 2 to 3 hours prior to sacrifice. In this experiment, one 
liver from each group was allowed to oxidize palmitate-1-C", the results 
with these livers being presented in Table I, Experiment 4. Data on the 
two remaining livers of treated and control animals are represented as Ex- 
periment 2, Table IV. 

In Experiments 3 to 5, normal male rats, without pretreatment with the 
hormone, were fasted and refed as before, and the treated groups were given 
5 mg. each of growth hormone 2.5 to 4.5 hours before sacrifice, as indicated 
in Table IV. 

It is apparent that treatment with growth hormone under the conditions 
employed has no appreciable effect on the glycogen-storing ability or in the 
respiratory capacity of liver cells. The wide variability in the capacity to 
incorporate acetate carbon into CO, or into acetoacetate makes it difficult 
to assess the action of the growth hormone on these processes; however, 
no effects are apparent which cannot be ascribed to variations among ani- 
mals. The same is probably true of lipogenesis, though there is some indi- 
cation of a reduced incorporation of acetate carbon into fatty acids. In 
the first four experiments, the incorporation of acetate into tissue fatty 
acids was decidedly lower in the hormone-treated animals. The extent of 
the difference ranged from a ratio of treated to untreated slices of 2.5:6.5 = 
0.4 in Experiment 1, to 5.9:9.2 = 0.6 in Experiment 2. In Experiment 3, 
incorporation was decidedly lower than normal in both “treated” and “‘con- 
trol” livers, probably a reflection of the shorter refeeding period employed 
in this experiment. However, in Experiment 5, the picture was reversed; 
i.e., the incorporation of acetate carbon into tissue fatty acids was almost 
twice as high in the treated as in the untreated rat liver slices. 
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With the exception of Experiment 3, all of the values for incorporation 
of acetate carbon into fatty acids of “treated” liver are in the range pre- 
viously observed by us for normal rat liver (30, 32). For this reason, the 
differences observed in these experiments between “treated” and “un- 
treated” tissues are regarded as resulting from a secondary rather than a 
primary action of the hormone. Certainly the differences found are of 
little significance when compared with the 50-fold or greater impairment of 
lipogenesis occurring after a short fasting period (30, 31). 

It has already been pointed out (32) that incorporation data do not nec- 
essarily give an adequate representation of fatty acid synthesis, and a pro- 
cedure has been described for calculating a value which is regarded as 
closer to the true synthesis rate. This procedure is based on the assump- 


TABLE V 
Effect of Growth Hormone Injection on Metabolism of Uniformly Labeled Glucose-C™ 
in Liver Slices* 
The conditions are similar to those reported in Table IV, except for the substitu- 





tion of 200 umoles of glucose-U-C™ for the labeled acetate. 


























Sa Glycogen Oz uptake CO2 Acetoacetate Fatty acids Cholesterol 
mg per cent pmoles microatoms C microatom C microatom C microatom C 
5 11.4 250 7.03 0.92 0.54 0.013 
5 10.9 287 7.40 0.85 0.73 0.045 
0 9.5 263 | 6.63 0.87 0.37 0.013 
0 90 | 273 | 4.50 0.66 0.20 0.018 
\ | | 


* Male rats fasted for 24 hours and refed for 24 hours. The growth hormone was 
injected intraperitoneally 3 to 4 hours prior to sacrifice (Armour lot No. M-108). 





tion that the specific activity of the acetoacetate represents that of the 
acetyl groups undergoing conversion to fatty acids. When lipogenesis was 
calculated in this manner, the difference between the treated and the con- 
trol groups was somewhat less than was indicated by the incorporation 
data. The average value for the ten “treated” livers was 15.0 microatoms 
as compared with an average of 17.5 microatoms of acetate carbon incor- 
porated per gm. of dry tissue per hour for the twelve control livers. 
Incorporation into Cholesterol—In the same four experiments in which 
the growth hormone treatment appeared to reduce the incorporation of 
acetate into fatty acids, there was an increased cholesterol synthesis. Only 
in Experiment 5 was there no difference. The average for all of the livers 
of the treated animals was 1.10 as compared with 0.62 microatom for the 
controls. The data thus suggest a possible enhancement of cholesterogen- 
esis, but again the results are equivocal because of the variability in the 
data. It seems clear, however, that, if cholesterol synthesis is stimulated 
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by the growth hormone, its effect is again not large compared with dietary 
effects on cholesterol synthesis (32). 

Oxidation of and Lipogenesis from Glucose—In Table V are given the re- 
sults of a similar study in which uniformly labeled glucose-C™ was used as 
the substrate. The animals used in this experiment were part of those 
used for Experiment 4, Table IV, and were treated exactly as described in 
Table IV. As was observed previously (32), oxidation of and lipogenesis 
from glucose in liver slices are low compared with acetate; however, again 
prior treatment with growth hormone did not influence appreciably the in- 
corporation of glucose carbon into COs, acetoacetate, fatty acids, or choles- 
terol. 


DISCUSSION 


The results of this study provide no evidence that the growth hormone 
exerts a direct stimulatory effect on the enzymatic processes of fatty acid 
catabolism. While this work was in progress, Greenbaum and McLean (2) 
reported the results of a comprehensive study which led them to conclude 
that the growth hormone may elicit both an inhibition and a stimulation 
of the fatty acid oxidase system. These effects occurred, however, only 
within a 24 hour period after the initial administration of the hormone, 
and could not be correlated with changes in the respiratory quotient or 
with the blood and urinary ketone body levels of the intact animals. There 
are several technical features of these experiments which, we believe, cast 
considerable doubt on their validity. The fatty acid oxidase assay system 
employed by Greenbaum and McLean has a relatively high oxygen con- 
sumption in the absence of a fatty acid, and the oxygen consumption due 
to fatty acid oxidation, as well as the acetoacetate production, is obtained 
by difference. The assumption that the values thus obtained accurately 
represent the catabolism of the added fatty acid is probably not warranted. 
It is precisely for this reason that we have adopted the tracer technique, 
which, by providing an objective, independent estimation of fatty acid 
catabolism, avoids the uncertainties involved in correcting for endogenous 
metabolism. 

Another uncertainty is introduced, we believe, by the employment in 
these experiments of succinate in a final concentration of 0.0066 m as a 
“sparker.”’ This means that in each vessel there were present 20 uwmoles 
of succinate, as compared with 3.0 umoles of octanoate or 0.5 umole of 
oleate. Inasmuch as succinate is readily oxidized in such homogenates, it 
seems unlikely that fatty acid oxidation can be measured from oxygen up- 
take data alone in the presence of such an overwhelming proportion of com- 
peting non-fatty acid carbon. Evidence for a possible inhibitory action of 
the growth hormone on fatty acid oxidation in vitro has already been men- 
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tioned,* but the physiological significance of this finding is questionable 
and requires further exploration. 

The experiments with labeled acetate as substrate also failed to disclose 
any effect of growth hormone on the conversion of this metabolic interme- 
diate to CO: or to acetoacetate. These findings are consistent with those 
of Tomkins et al. (33) and Baruch and Chaikoff (34), who found no change 
in liver slices of hypophysectomized rats in the ability to oxidize acetate. 

The results of the experiments with labeled acetate suggest that the 
growth hormone may inhibit the synthesis of fatty acids. This finding 
would be in accord with several previous studies, but here also the data are 
not entirely consistent. Welt and Wilhelmi (15) found that the adminis- 
tration of growth hormone depressed the incorporation of deuterium from 
the body water into liver and carcass fatty acids. Brady et al. (16, 17) 
also made several observations suggestive of an inhibiting action of a pi- 
tuitary principle on lipogenesis. In cat liver slices, the marked depression 
brought about by pancreatectomy in the incorporation of acetate carbon 
into fatty acids was overcome by simultaneous removal of the pituitary, 
and this effect could be reversed by prior administration of growth hor- 
mone. Hypophysectomy caused an increase in lipogenesis in rat liver 
slices, and, though the addition of growth hormone in vitro did not depress 
incorporation, it did abolish the stimulating effect of insulin addition on 
fatty acid synthesis in vitro. Confirmatory evidence of an inhibition of 
lipogenesis in liver slices of rats given growth hormone has been supplied 
by Perry and Bowen (35). However, as in our study, the differences be- 
tween the control and treated animals were not large, and the percentage 
difference was lowered on animals fed glucose forcibly. Apparently the 
inhibitory effects of growth hormone on fatty acid synthesis in liver slices 
are relatively minor compared with the effects of short fasting periods or 
of diabetes (30, 31, 36, 37). 

In contrast with the general impression gained by these and other studies 
just mentioned that the growth hormone inhibits fatty acid synthesis, 
Baruch and Chaikoff (34) found, surprisingly, that liver slices from hy- 
pophysectomized rats largely lost the capacity for fatty acid synthesis. It 
was found that cholesterol synthesis is also reduced in this condition (33), 
and this observation is more in line with our finding that the growth hor- 
mone somewhat accelerates cholesterogenesis in liver slices. However, it 
is probably incorrect to expect that the effects of hypophysectomy would 
necessarily be opposite to those of growth hormone administration. 

In summarizing these studies in relation to the results reported by others, 
it appears to us that there are no grounds at present for the belief that 
the growth hormone exerts a direct action on the catabolism of fatty acids, 
either for ketogenesis or for complete oxidation to COz. The possibility is 
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recognized that conditions in vitro may have been unsuitable, and that pos- 
sible effects were overlooked. However, attempts to demonstrate an effect 
of the growth hormone on fatty acid catabolism in the intact rat, to be 
reported separately, have likewise been unsuccessful. 

Though some evidence has been brought forward to implicate this hor- 
mone in the anabolism of fatty acids, the results of this and other studies 
make it apparent that further work is required to reconcile conflicting and 
equivocal results before such an effect is established. 


SUMMARY 


The effect of the growth hormone on the conversion of C-labeled fatty 
acids to carbon dioxide or to acetoacetate was studied in rat tissue slices 
or homogenates under various conditions. Under no condition were these 
conversions accelerated by anterior pituitary growth hormone, added in 
vitro, or injected prior to sacrifice of the animals. 

Liver slices from rats injected with growth hormone a few hours prior 
to sacrifice exhibited a somewhat lower incorporation of C-labeled acetate 
into fatty acids and an increased incorporation into cholesterol. These ef- 
fects, however, were neither marked nor consistent. 


BIBLIOGRAPHY 


1. Bennett, L. L., Kreiss, R. E., Li, C. H., and Evans, H. M., Am. J. Physiol., 162, 
210 (1948). 

2. Greenbaum, A. L., and McLean P., Biochem. J., 54, 413 (1953). 

3. Lotspeich, W. D., and Petersen, V. P., Am. J. Physiol., 176, 232 (1954). 

4. Bondy, P. K., and Wilhelmi, A. E., J. Biol. Chem., 186, 245 (1950). 

5. Campbell, J., Hausler, H. R., Munroe, J.S., and Davidson, I. W. F., Endocrin- 
ology, 68, 134 (1953). 

6. Carballeira, A., Elrick, H., Mackenzie, K. R., and Browne, J. 8. L., Proc. Soc. 
Exp. Biol. and Med., 81, 15 (1952). 

7. Levin, L., and Farber, R. K., Recent Progress Hormone Res., 7, 399 (1952). 

8. Weil, R., and Ross, 8., Endocrinology, 45, 207 (1949). 

9. Szego, C. M., and White, A., Endocrinology, 44, 150 (1949). 

10. Li, C. H., Simpson, M. E., and Evans, H. M., Arch. Biochem., 23, 51 (1949). 

11. Greenbaum, A. L., and McLean, P., Biochem. J., 54, 407 (1953). 

12. Greenbaum, A. L., Biochem. J., 54, 400 (1953). 

13. Li, C. H., and Evans, H. M., Recent Progress Hormone Res., 3, 3 (1948). 

14. Li, C. H., Simpson, M. E., and Evans, H. M., Growth, 12, 39 (1948). 

15. Welt, I. D., and Wilhelmi, A. E., Yale J. Biol. and Med., 23, 99 (1950). 

16. Brady, R. O., Lukens, F. D. W., and Gurin, 8., Science, 118, 413 (1951). 

17. Brady, R. O., Lukens, F. D. W., and Gurin, S., J. Biol. Chem., 1938, 459 (1951). 

18. Campbell, J., and Davidson, I. W. F., J. Biol. Chem., 189, 35 (1951). 

19. Ennor, A. H., Brit. J. Exp. Path., 30, 389 (1949). 

20. Pettoni, A., and Rossi, C. R., Bull. Soc. chim. biol., 38, 1025 (1951). 

21. Tepperman, J., and Tepperman, H. M., Ann. New York Acad. Sc., 64, 707 (1951). 

22. Shipley, R. A., Am. J. Physiol., 141, 662 (1944). 





XUM 


pos- 
Tect 
> be 


hor- 


idies 
and 


fatty 
slices 
these 
“din 
prior 
etate 
se ef- 


., 152, 


locrin- 


c. Soc. 


9). 


1951). 


(1951). 





XUM 


23. 
24. 
25. 
26. 
27. 


A. ALLEN, G. MEDES, AND S. WEINHOUSE 345 


Weinhouse, S., Millington, R. H., and Volk, M. E., J. Biol. Chem., 185, 191 (1950). 

Li, C. H., Simpson, M. E., and Evans, H. M., Growth, 12, 15 (1948). 

Wenner, C. E., Dunn, D. F., and Weinhouse, S., J. Biol. Chem., 205, 409 (1953). 

Weinhouse, S., Millington, R. H., and Wenner, C. E., Cancer Res., 11, 845 (1951). 

Chaikoff, I. L., Goldman, D.8., Brown, G. W., Jr., Dauben, W. G., and Gee, M., 
J. Biol. Chem., 190, 229 (1951). 


. Recknagel, R. O., and Potter, V. R., J. Biol. Chem., 191, 263 (1951). 

. Allen, A., Friedmann, B., and Weinhouse, S., J. Biol. Chem., 212, 921 (1955). 

. Medes, G., Thomas, A., and Weinhouse, S., J. Biol. Chem., 197, 181 (1952). 

. Lyon, I., Masri, M.S., and Chaikoff, I. L., J. Biol. Chem., 196, 25 (1952). 

. Medes, G., Spirtes, M. A., and Weinhouse, S., J. Biol. Chem., 205, 401 (1953). 

. Tomkins, G. M., Chaikoff, I. L., and Bennett, L. L., J. Biol. Chem., 199, 543 


(1952). 


. Baruch, H., and Chaikoff, I. L., Endocrinology, 56, 609 (1955). 

. Perry, W. F., and Bowen, H. F., Endocrinology, 56, 579 (1955). 

. Brady, R. O., and Gurin, S., J. Biol. Chem., 187, 589 (1950). 

. Chernick, 8. S., Chaikoff, I. L., Masoro, E. J., and Isaeff, E., J. Biol. Chem., 186, 


527 (1950). 





R 
ruvé 
rabl 
pyrt 
mec 
pleti 
inte: 
stud 
deve 
cyel 
the 

vest 


stak 
out 
ced 
cent 
(0.1 
mM. 
tote 
for 


to1 
Nat 
sear 


ade) 
pyri 








XUM 


METABOLIC STUDIES ON HEART MITOCHONDRIA* 


I. THE OPERATION OF THE NORMAL TRICARBOXYLIC ACID 
CYCLE IN THE OXIDATION OF PYRUVATE 


By CARMEL M. MONTGOMERY anp J. LEYDEN WEBB 


(From the Department of Pharmacology, School of Medicine, and the 
Department of Biology, University of Southern California, 
Los Angeles, California) 


(Received for publication, October 21, 1955) 


Relatively few investigations have been made on the oxidation of py- 
ruvate by heart mitochondria. Guinea pig heart mitochondria (1) and 
rabbit heart cyclophorase preparations (2, 3) have been found to oxidize 
pyruvate, but in no case has a detailed investigation been made of the 
mechanisms involved and the requirements for the operation of the com- 
plete tricarboxylic acid cycle. On the other hand, the oxidation of certain 
intermediates of the cycle by heart mitochondria, or sarcosomes, has been 
studied in some detail (4-11). It was considered important, therefore, to 
develop techniques for isolating heart mitochondria in which the complete 
cycle operated as an intact unit when supplied with pyruvate, and to study 
the mechanisms by means of which pyruvate is oxidized as a basis for in- 
vestigations of the disturbances induced in the cycle by various enzyme 
inhibitors. 

EXPERIMENTAL 


The method developed to obtain a mitochondrial preparation that was 
stable and highly active in the complete oxidation of pyruvate was the 
outcome of numerous tests with isolation media and centrifugation pro- 
cedures. In this method the same medium was used for homogenization, 
centrifugation, and suspension of the mitochondria; it contained KCl 
(0.121 mM), potassium phosphate buffer (0.02 m, pH 7.4), and ATP" (0.5 
mm). The preparation was carried out at 0-2°. Four rat hearts, average 
total weight 3.5 gm., were minced and homogenized in 15 ml. of medium 
for 4 minutes. After dilution to a 10 per cent (weight per volume) sus- 
pension, a low speed centrifugation (600 X g for 10 minutes) was employed 
to remove unbroken cells, blood cells, nuclei, and fibrous material. The 


* This investigation was supported by grants from the National Heart Institute, 
National Institutes of Health (No. H-1391C), and the Life Insurance Medical Re- 
search Fund, and aided by facilities supplied by the Allan Hancock Foundation. 

!The following abbreviations are used: ATP, adenosine triphosphate; AMP, 
adenosine monophosphate; DPN, diphosphopyridine nucleotide; TPN, triphospho- 
pyridine nucleotide; DPT, diphosphothiamine; CoA, coenzyme A. 
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supernatant fluid was diluted with 100 ml. of medium, this large volume 
being used to reduce the endogenous respiration to a low level, and was 
centrifuged at 10,000 x g for 10 minutes. The residue was suspended in 
12 ml. of medium by homogenization for 30 seconds, and 1 ml. of this 
mitochondrial suspension was used in each vessel. Examined by high 
power phase contrast microscopy, the final residue appeared as homogene- 
ous ellipsoidal particles that stained with Janus green B. 

Conventional Warburg manometers with 15 ml. vessels were used for 
determination of gas exchange. The reaction medium contained the 
following: KCl (0.121 m), potassium phosphate buffer (0.02 m, pH 6.8), 
cytochrome c (0.01 mm), MgCl, (5 mm), ATP (0.5 mm), and AMP (1 mw), 
Addition of the mitochondrial suspension brought the pH to 6.9 and the 
final volume to 3.0 ml. All substrate solutions were adjusted to pH 6.9 
before addition. The center well contained 0.2 ml. of 30 per cent (weight 
per volume) KOH. The gas phase was air, the equilibration period 10 
minutes, and the temperature of the bath 27°. In certain experiments a 
1 per cent CO, atmosphere was produced by the method of Pardee (12). 

Citrate was determined by the method of Ettinger, Goldbaum, and 
Smith (13), pyruvate and a-ketoglutarate by that of Friedemann and 
Haugen (14), and nitrogen by the method of Koch and McMeekin (15). 
Protein units were determined spectrophotometrically according to a 
method described by Harman and Feigelson (4). 1 protein unit was found 
to represent 0.433 mg. of N perml. The Qo, values are expressed as micro- 
liters of O2 per mg. of N per hour and calculated for the initial 10 minutes 
(Qo, 10 minutes) and the total first 60 minutes (Qo, 60 minutes). 

Sodium succinate was recrystallized from warm aqueous solution by 
addition of ethanol according to Potter and Schneider (16). 1-Malic acid 
was recrystallized according to a method of Ochoa? by dissolving in a mini- 
mal amount of boiling isobutylmethylketone, adding activated charcoal, 
and filtering the hot solution, to which chloroform was added to 10 per 
cent (volume per volume); on cooling, the malic acid crystallized. Fu 
maric acid was recrystallized from a hot aqueous solution. a-Ketoglutaric 
acid was dissolved in warm ethyl acetate and recrystallized by the addi- 
tion of petroleum ether. A solution of potassium oxalosuccinate was 
prepared immediately before use from barium oxalosuccinate (70 per cent 
pure, supplied by Dr. Ochoa) according to the method of Ochoa (17). 
Other substrates were used as obtained commercially. The sodium py- 
ruvate used did not contain the cycle inhibitor commonly present (18). 


Results 


Activity of Cycle in Rat Heart Mitochondria—The average Qo, values for 
the oxidation of various intermediates of the cycle and of several sub- 


2 Personal communication. 
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stances which can be incorporated into the cycle are presented in Table I. 
The preparation showed a negligible endogenous oxygen uptake. Since 
the oxidation of those substrates which enter the cycle as acetyl CoA re- 
quires the presence of an intermediate capable of giving rise to oxalacetate, 
malate (5 mm) was added routinely. Addition of DPN (0.2 mm) increased 
the rates of oxidation of malate and fumarate (2-fold) and TPN (0.8 mm) 
increased the rates of oxidation of isocitrate (20-fold), cis-aconitate (4-fold), 


TABLE I 
Activity of Rat Heart Mitochondria 
All the substrates are given at5mm. The Qo, for pyruvate plus malate, estimated 
simultaneously with every substrate, is given as the control. The medium contained 
KCI (0.121 M), potassium phosphate buffer (0.02 m, pH 6.8), cytochrome c (0.01 mm), 


MgCl, (6 mm), ATP (0.5 mm), and AMP (1 mm). The Qo, values are averages of 
five to ten experiments for each substrate. 











Control 
Qo, 10 min. | Qo, 60 min. 
Qo, 10 min. |Qo, 60 min. 
| 

Substrate No substrate............. 25 8 675 606 
CC , ere 24 7 675 606 

CE AEGON a ot 83 62 781 726 
ote-Aconitate............. 104 83 926 803 

RE a 22 114 950 834 
Oxalosuccinate........... 343 195 825 719 
a-Ketoglutarate.......... 411 418 875 778 
ee 399 265 706 602 
a ee 89 75 770 676 
ee ae 121 116 834 744 
Oxeincotate..........5..5.. 361 314 831 734 

Substrate + | Pyruvate................. 862 745 

malate er ee 522 466 882 780 
B-Hydroxybutyrate....... 251 248 955 845 

SO ee ee ee 126 63 810 716 

IN his do cacur ne Stee 190 145 810 716 




















and citrate (1.3-fold). Reduction of the pH to 6.3 and 5.7 brought about 
only a depression of the rate of citrate oxidation (82 and 66 per cent, re- 
spectively), indicating that the low oxidation rate was not due to inability 
to penetrate into the mitochondria. 

Oxidation of Pyruvate—Plaut and Plaut (1) reported that guinea pig 


_ heart mitochondria oxidized pyruvate alone at a Qo, of 50, which was in- 


creased to 300 by the addition of malate. The mitochondrial preparations 
used in the present study were found to be incapable of oxidizing pyruvate 
alone. However, when malate was present, pyruvate was oxidized vigor- 
ously with a Qo, of 862 (thirty-nine experiments). When malate was 5 
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mm, the concentration of pyruvate with the highest initial oxidation rate 
was between 3 and 5 mm. As seen in Fig. 1, concentrations of pyruvate 
on either side of this range gave reduced Qo, values. The ability of the 
various cycle intermediates to promote pyruvate oxidation is presented 





1000 | ] 
800 | ; 
600 | 

& 400 J 
200 7 











Ol 02 O05 10 20 50 100 
PYRUVATE mM 
Fig. 1. Rates of oxygen uptake of heart mitochondria at various concentrations 
of pyruvate. Medium and conditions asin Table I. Malate at 5 mm; Qo, values are 
for the initial 10 minutes. 


TaB.e II 
Oxidation of Pyruvate in Presence of Various Cycle Intermediates 
All substrates are given at5mm. The Qo, 10 minutes for the pyruvate plus cycle 
intermediate is given, and also its percentage of the control, which is the Qo, 10 
minutes for pyruvate plus malate. The medium is as in Table I. The Qo, values 
are averages of five to ten experiments. 














Test Qo, Control Qo, 
[Cycle intermediate Per cent of control 
Pyruvate + Pyruvate + 
intermediate malate 
MN cai ea kee bs Ue a's cam adws 639 980 65.1 
Clo-Acomitate..........scecsscceees 757 1030 73.5 
EE eee oe 641 980 65.4 
Oxalosuccinate.................... 713 768 92.7 
a-Ketoglutarate................... 845 919 92.1 
NS iordscna gas bcos «areca ereibieae 1126 810 139.0 
MIS uo s ccasceccsaceaviacve 833 782 106.5 
St a oso 2, SS, sckebee we dea’ 915 915 100.0 











in Table II. Although addition of DPN increased oxidation of malate, 
it had no effect on the oxidation of pyruvate in the presence of malate. 
However, addition of TPN increased the oxygen uptake when pyruvate 
was being oxidized in the presence of citrate, cis-aconitate, or isocitrate to 
levels 93 to 96 per cent of the controls. It can be seen that each member 
of the cycle was capable of initiating and maintaining the oxidation of 
pyruvate. 
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The oxidation of pyruvate, after an initial small decrease, proceeded at 
a constant rate until the pyruvate was used up, at which point the oxygen 
uptake dropped rapidly; if more pyruvate was tipped in before this fall, 
a constant oxidation rate was observed up to 8 hours. That the cycle 
was self-perpetuating in these mitochondria, i.e. capable of continuously 
regenerating oxalacetate to condense with acetyl CoA, was shown by re- 


TaBLeE III 
Relation between Oxygen Uptake and Pyruvate Utilization 


The medium is as in Table I; malate at 5 mm. 






























Time Pyruvate present Pyruvate utilized Os: utilized pen 
min pmoles pmoles pmoles 
0 12.64 0 0 
30 9.52 3.12 8.47 5.42 
60 6.46 6.18 16.61 5.36 
90 3.52 9.12 24.11 5.28 
7 T Tt t =. a. a T as © 
ca 
2 
10 a 
a 
Piste i 
£ 600 : 7 = 
400 PYRUVATE J3 
422 
200L ; 4 
1'> 
i i i i i iL _—_s i L a 











10 50 90 130 170 210 250 
MINUTES 


Fic. 2. Correlation between the rate of oxygen uptake and pyruvate utilization. 
Medium and conditions as in Table I; initial pyruvate concentration 5 mm, and 
malate at 5mM. @, oxygen uptake; O, pyruvate concentration. 


duction of the malate concentration from 5 to 0.5 mm without appreciably 
altering the Qo, or the total amount of oxygen consumed over a period of 
thours. Pyruvate was completely oxidized to CO. and water as demon- 
strated in Table III, where the ratio of oxygen consumed to the pyruvate 
utilized is found to be somewhat higher than the theoretical ratio of 5. 
(The higher values were probably due to independent oxidation of malate, 
which was in excess of that required to initiate pyruvate oxidation.) The 
correlation between the oxygen uptake and the disappearance of pyruvate 
is illustrated in Fig. 2, from which it can be seen that failure of oxidation 
was rapid when the concentration of pyruvate fell below 0.5 mm, thus 
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agreeing well with the data presented in Fig. 1, in which the Qo, was low 
at pyruvate concentrations below 1 mm. 

The initial decrease in the oxygen uptake over the first 30 to 40 minutes 
to a relatively steady level suggested that some rate-limiting mechanism 
had arisen to decrease the incorporation of pyruvate into the cycle. Since 
the tricarboxylic acids were oxidized relatively slowly, it was considered 
that the rate-limiting step in the steady state might be in this region of the 
cycle. Simultaneous determinations of pyruvate and citrate showed that 
during pyruvate oxidation small quantities of citrate did accumulate, as 
indicated in Table IV, this accumulation reaching a maximum at around 
40 minutes. Presumably some cis-aconitate and isocitrate would also be 
present in equilibrium with the citrate. 

The Qo, for pyruvate plus succinate was greater than that for pyruvate 
plus a-ketoglutarate (Table II), and yet a-ketoglutarate alone was oxidized 


TaBLe IV 
Accumulation of Citrate during Oxidation of Pyruvate 
The medium is as in Table I; malate at 5 mm. 














Time Pyruvate utilized | Citrate formed 
min. pmoles | pmoles 

20 0.99 0.102 

40 2.41 | 0.320 

60 5.35 0.311 





more rapidly than was succinate (Table I). The rate of oxygen uptake 
with succinate alone was essentially additive to the rate owing to pyruvate 
oxidation when both were present together, whereas, when pyruvate and 
a-ketoglutarate were present together, the rate of oxygen uptake was ac- 
tually less than that for the pyruvate control. Competition between the 
pyruvic and a-ketoglutaric oxidases was considered as a possible rate-limit- 
ing mechanism. If no competition existed, the Qo,, when pyruvate and 
a-ketoglutarate were oxidized simultaneously, should equal the sum of the 
Qo, values for each substrate when oxidized separately. Table V presents 
data which indicate that summation does not occur and that competition 
is likely. Malate at 5 mm was shown to have no effect on the oxidation of 
a-ketoglutarate and hence played no direct réle in this competition. It 
can be seen that the higher the a-ketoglutarate concentration, the greater 
the deviation from the calculated summation. 

At the high level of malate routinely used (5 mm), formation of oxal- 
acetate would not constitute a rate-limiting step, but at low concentrations 
of malate the limited quantities of oxalacetate formed, together with other 
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rate-limiting steps that might occur within the cycle, could cause a slowing 
of entry of pyruvate into the cycle, as demonstrated in Table VI. When 
the concentration of malate was less than 0.5 mm, some steps between 
malate and the entry of pyruvate into the cycle seemed to be limiting the 
oxidation of pyruvate. 


TABLE V 
Simultaneous Oxidation of Pyruvate and a-Ketoglutarate 
The medium is as in Table I; malate at 5 mm. 





























Pyruvate Qo, a-Ketoglutarate Qo, pte tt wc (2) hs i (5) 
(1) (2)} (3) (4) (5) 
mM mM 
1 940 1 297 1237 1000 237 
1 940 5 411 1351 985 366 
1 940 10 517 1457 1033 424 
1 940 20 565 1505 973 532 
5 951 5 411 1362 1013 349 
5 951 20 565 1516 977 539 
TaBLe VI 


Effect of Malate Concentration upon Initial Pyruvate Oxidation 
The medium is as in Table I; pyruvate at 5 mm. 











Malate Qo, 10 min. 
mM 

10 930 
5 895 
1 860 
0.5 846 
0.2 767 
0.05 457 





Requirements for Maximal Pyruvate Oxidation—The maximal rate of 
pyruvate oxidation was obtained when magnesium, phosphate, cytochrome 
c, and AMP were present. Pyruvate was not oxidized in the absence of 
added magnesium or adenine nucleotides; concentrations of 0.5 mm mag- 
nesium and 1 mm AMP gave maximal stimulation, higher concentrations 
either depressing the rate (AMP) or having no effect (Mg**). This is in 
general agreement with the results on rabbit heart cyclophorase prepara- 
tions (2). ATP (0.5 mm) would only partially replace AMP, allowing py- 
ruvate oxidation to proceed at a rate about 60 per cent of the maximum. 
In the complete absence of added cytochrome c, pyruvate was oxidized at 
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50 per cent of the maximal rate; a concentration of 0.01 mm gave a maximal] 
effect. A rate of pyruvate oxidation also about 50 per cent of the maximal 
was obtained when no phosphate was added; the concentration which re. 
sulted in maximal oxidation was found to be 10 mm, above which a slight 
depression was observed. The addition of the following was found to 
have no accelerating effect on pyruvate oxidation initiated by malate: 
DPT (2 mo), CoA (0.75 mm), DPN (0.2 mm), TPN (0.05 to 1 mm), Mn+ 
(1 mm), Cot+ (0.2 to 3 mm), glutathione (1 mm), nicotinamide (1 mw), 
or hexokinase and glucose. A range of pH from 5.2 to 8.0 was examined, 
and it was found that the maximal rate of pyruvate oxidation occurred at 
7.6. However, a pH of 6.9 was used throughout the investigation since 
at this pH the rate was only 10 per cent below the maximal, and it was 


TaBLe VII 
Oxidation of Pyruvate in 1 Per Cent CO, Atmosphere 











The medium is as in Table I, except that the gas phase was 1 per cent (volume per 
volume) CO.; pyruvate and malate at 5 mm. 
| Qo, 10 min. 
Substrates 
| Air 1% COz 
I tote eS ene) Sng ose pipahard. cng MLR OSI | 0 0 
II oh oss cs ciccalet cbs seme neers s | 0 111 
” Sk eee ener erry re | 805 820 








felt that this approached intracellular conditions more closely than higher 
pH values. 

Oxidation of Pyruvate in Absence of Cycle Intermediates—Kidney mito- 
chondrial preparations are able to oxidize pyruvate in the absence of added 
cycle intermediates when bicarbonate is present (19, 20), but guinea pig 
heart mitochondria were reported to be unable to oxidize pyruvate unde 
these conditions (1). Rat heart mitochondria were found to oxidize py- 
ruvate to a limited extent in the presence of 20 mm bicarbonate (Qo, = 14 
with bicarbonate and 880 with malate). Table VII shows that pyruvate 
could also be oxidized in the absence of added cycle intermediates when 
the gas phase was 1 per cent CO.. These results imply the presence @ 
an enzyme catalyzing CO, fixation. 





The oxidative decarboxylation of pyruvate to acetyl CoA was demon- 
strated in the absence of cycle intermediates by addition of 2.5 umoles 0 
CoA from the side arm after the initial reading. There ensued an immedi 
ate burst of oxygen uptake (Qo, of 246) which was not maintained. In 
the absence of an acetyl acceptor to regenerate CoA, pyruvate uptake 
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ceased when the available CoA was exhausted. This implied the absence 
of an active acetyl CoA deacylase in rat heart mitochondria and their 
inability to form acetoacetate from acetyl CoA as has been demonstrated 
in liver mitochondria (21). Arsenate could act to a limited extent as an 
acetyl acceptor; Qo, = 5 for pyruvate alone, 81 for pyruvate plus arsenate 
(5 mm), and 755 for pyruvate plus malate. Arsenate (0.2 to 10 mm) had 
no effect on the oxidation of pyruvate in the presence of malate. 


DISCUSSION 


Rat heart mitochondria, supplemented with magnesium, phosphate, 
cytochrome c, and AMP, oxidize pyruvate, in the presence of a cycle inter- 
mediate, at a more rapid rate than any other substrate tested and appear 
capable of directing a major portion of the pyruvate through the classical 
stages of the cycle to complete oxidation. In the absence of a cycle inter- 
mediate to provide an acetyl acceptor, pyruvate was unable to enter the 
cycle, but could undergo the one-step oxidative decarboxylation to acetyl 
CoA until the available CoA was depleted; neither deacylation of acetyl 
CoA nor formation of acetoacetate from it occurs. 

The sustained rate of pyruvate oxidation is presumably regulated by 
rate-limiting factors which come into operation after the initial entry of 
pyruvate into the cycle. Evidence was presented that such rate-limiting 
steps may exist at the tricarboxylic acid and a-ketoglutarate stages. The 
demonstrated accumulation of citrate during pyruvate oxidation could 
indicate that the aconitase reaction under these conditions cannot operate 
as rapidly as the condensation of pyruvate into the cycle. Accumulation 
of citrate during pyruvate oxidation has also been observed in dialyzed 
brain homogenates (22). It has been observed by Krebs and Holzach 
(23) that in the reaction citrate — isocitrate catalyzed by pig heart 
aconitase, c7s-aconitate accumulated before isocitrate began to be formed, 
and this might account for the mitochondrial accumulation of citrate ini- 
tially when it is supplied at a rapid rate, since the equilibrium citrate = 
cis-aconitate is actually in favor of citrate. Whether the a-ketoglutaric 
oxidase presents a rate-limiting reaction or not would probably depend on 
the concentrations of pyruvate and a-ketoglutarate present, since competi- 
tion between them was observed. It is suggested that cofactors shared 
by the pyruvic and a-ketoglutaric oxidases might provide the basis for 
this competition; if so, these two oxidases must be more interdependent 
than is commonly assumed. Similar competition between pyruvate and 
wketoglutarate has been described in other preparations (24-26). Ac- 
cumulation of a-ketoglutarate in rat heart mitochondria has been demon- 
strated during early stages of pyruvate oxidation (27); as the pyruvate dis- 
appeared, the a-ketoglutarate oxidation presumably increased so that 
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complete oxidation of pyruvate was eventually achieved. If pyruvate oy 
were at a low concentration, such as might occur in the intact cell, this | 5, 
competition would be less effective and this step might not then be rate- | 99. 
limiting. A third possible rate-limiting step in the cellular operation of | 24. 
the cycle might be the condensation of pyruvate into the cycle if the forma- } 25. 
tion of oxalacetate were low or if an active oxalacetic decarboxylase were “4 
removing part of it as formed, since it was shown that, when malate con- | ~"’ 
centration was very low, pyruvate oxidation was slower. Hence, the over- 
all rate at which pyruvate is oxidized is governed by a balance between 
several factors involving both the entrance into the cycle and rate-limiting 
steps within the cycle. 


SUMMARY 


The oxidation of pyruvate by a highly active preparation of rat heart 
mitochondria has been investigated, and the requirements for a maximal 
oxidation rate were determined. In the absence of a cycle intermediate to 
provide oxalacetate, pyruvate is not utilized via the cycle, although acety! 
CoA is formed until available CoA is depleted; no regeneration of CoA 
occurs unless an acetyl acceptor is added. Fixation of CO. can occur and 
initiate pyruvate oxidation to a limited extent. Three possible rate-limit- 
ing factors in the operation of the cycle are discussed and evidence for their 
importance under certain conditions is presented. 
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Malonate and fluoroacetate, or its metabolic product fluorocitrate, are 
the only substances available as relatively specific inhibitors of the tricar- 
boxylie acid cycle. Development of additional potent, specific, and per- 
meant inhibitors of the cycle would provide useful tools for the study of 
the relations of the cycle to cell function. This report is concerned with 
a new and potent cycle inhibitor which is specific for the a-ketoglutaric 
oxidase. An impurity which markedly modified the operation of the cycle 
in rat heart mitochondria was found in various samples of pyruvic acid 
and sodium pyruvate and tentatively identified as the lactone of the dimer 
of pyruvic acid (1). However, it has now been demonstrated that the true 
inhibitor is not the lactone itself and that the inhibition of the a-ketoglu- 
taric oxidase is not a simple competition with substrate, as the early work 
had indicated. 


EXPERIMENTAL 


The rat heart mitochondrial preparation and the manometric and ana- 
lytical procedures were as previously described (2). a-Ketoglutaric oxidase 
was prepared from pig heart (3) and assayed by determination of the rate 
of DPN! reduction (4). Isocitric dehydrogenase was prepared from an ace- 
tone powder of rat heart mitochondria (5) and assayed by determination 
of the rate of TPN reduction (6). Oxalosuccinic decarboxylase was pre- 
pared from an acetone powder of pig heart (7) and assayed manometrically 
(8). The lactone of the dimer of pyruvic acid and barium parapyruvate 
were prepared by the method of de Jong (9). J-Citramalic acid, isolated 
from apple peel, was kindly supplied by Dr. A. C. Hulme, Department of 
Scientific and Industrial Research, Food Investigation, Ditton Laboratory, 
Maidstone, England. 

* This investigation was supported by grants from the National Heart Institute, 
National Institutes of Health (No. H-1391C), and the Life Insurance Medical Re- 
search Fund, and aided by facilities supplied by the Allan Hancock Foundation. 


1 The following abbreviations are used in this paper: DPN, diphosphopyridine 
nucleotide; TPN, triphosphopyridine nucleotide; CoA, coenzyme A. 
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Results 


The presence of an impurity in certain preparations of sodium pyruvate 
was shown to modify the behavior of rat heart mitochondria towards py- 
ruvate thus: (a) the cycle was no longer self-perpetuating, and for the 
utilization of pyruvate an equimolar amount of malate, or related cycle 
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Fig. 1. Rate of pyruvate oxidation in the presence of impurity and various con- 
centrations of malate; medium and conditions as in Table I. 


TaBLe [| 


Conversion of Pyruvate into a-Ketoglutarate during Cycle Block 
Caused by Pyruvate Impurity 


The initial concentrations of pyruvate and malate were 5 mm; medium as in Table 














lof PaperII. Zero time was at the first reading and after 10 minutes equilibration. 
> Pyruvate + | a-Ketoglu- ——— " 

. -K lu- P. 0 O; 
Time Pyruvate se ~ ——— duilinad dtilized utilized —— 
min. pmoles pmoles pmoles pmoles emilee a pmoles 

0 12.31 0 12.31 0 0 0 

20 10.28 1.66 11.94 0.37 2.03 2.67 2.63 

30 9.26 2.56 11.82 0.49 3.05 3.96 2.60 
100 5.59 5.68 11.27 1.04 6.72 12.76 3.79 
130 3.19 7.67 10.86 1.45 9.12 17.03 3.73 





























intermediate, was required, catalytic amounts of malate initiating only 
an insignificant pyruvate oxidation (Fig. 1); (b) the tricarboxylic acids, 
citrate, cis-aconitate, and isocitrate, were no longer capable of promoting 
pyruvate oxidation; (c) the oxygen-pyruvate ratio fell from the theoretical 
value of 5 for complete oxidation to values around 3, as shown in Table J; 
and (d) a-ketoglutarate accumulated in amounts almost stoichiometric with 
the amount of pyruvate utilized, as demonstrated in Table I. The accu- 
mulating a-ketoglutarate was determined simultaneously with pyruvate as 
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the 2,4-dinitrophenylhydrazone by making use of the different extinction 
coefficients of the two hydrazones at wave-lengths of 400 my and 540 mu. 
The spectral absorption curve of the dinitrophenylhydrazone of the accu- 
mulated a-ketoglutarate corresponded closely to that of the similar deriv- 
ative of pure a-ketoglutarate. 
Nature 0) Inhibitor—Pyruvic acid by an aldol condensation can form a 
dimer, parapyruvic acid (y-methyl-y-hydroxy-a-ketoglutaric acid (I)), and 
this dimer can lose water to form the cyclic a-keto-y-valerolactone-y-car- 
boxylic acid (II), which could exist in an enolic form (III). Titration of 





COOH COOH 
CH, H,C—C—OH H,C—C——o 
| | (—H,0) \ 
2c=0 -— i. pee oe 4 Sas e 
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COOH =) CH,—C 
IN 
COOH Oo 
@ (qm) 
COOH 
H,C—C—o 
=0 
CH=c 
OH 
(iD 


the lactone with KOH demonstrated that 2 equivalents of base were re- 
quired for complete dissociation with pK, = 2.35 and pK, = 6.95, the first 
dissociation constant referring to the free carboxyl group and the second to 
the enolic hydroxyl (1). It has been shown that 1,2-diketo lactones usu- 
ally occur almost entirely in the enolic form (10). 

It was noted that the ultraviolet absorption spectrum of the lactone in 
aqueous solution changed with time, and it was considered that this change 
might be correlated with opening of the lactone ring. Such a ring opening 
should be detected by titration. It was found that, when the lactone stood 
at neutral pH, a new pK at 3.95 appeared, corresponding to a second free 
carboxyl group and paralleling the disappearance of the pK at 6.95. De- 
termination of the relative amounts of the substances with the two pK: 
values at various times up to 24 hours showed that the amount of lactone 
became progressively less, while the amount of dicarboxylic acid became 
correspondingly greater, as seen in Fig. 2. It appeared that an equilibrium 
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was approached when the ratio of parapyruvate to lactone was 3.2:1. The 
opening of the lactone ring was also demonstrated in acid and alkaline so. 
luti ms, the lactone being more stable under acid conditions. 

The question arose as to which of the compounds was the cycle inhibitor, 
Samples of the lactone were allowed to stand at neutral pH for varying 
times and tested for inhibition of the ability of isocitrate to initiate pyru- 
vate oxidation. As illustrated in Fig. 2, the inhibition increased with in. 
creasing concentration of parapyruvate in the solution, indicating that 
parapyruvate rather than the lactone was the true inhibitor. Pure parapy.- 
ruvate, obtained directly as the barium salt from pyruvate, showed the 
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Fig. 2. Correlation of the opening of the lactone ring (formation of parapyruvat~’ : 


with increasing inhibition of the ability of isocitrate to promote pyruvate oxidation;, 
medium and conditions as in Table I. Solutions of the lactone (1 mM) allowed to! 
stand at pH 7 for periods indicated. @, concentration of lactone remaining (deter-| 
mined by titration) and X, per cent inhibition of Qo, for pyruvate oxidation in the| 
presence of isocitrate (5 mm). 


same activity as parapyruvate obtained from the lactone. When parapy- 
ruvate was added with pure pyruvate to the mitochondrial suspension, all 
the phenomena described with the impure pyruvate were obtained ; the cycle 
was no longer self-perpetuating (Fig. 3), and citrate and isocitrate wer 
unable to initiate pyruvate oxidation, whereas the activities of succinate 
and malate remained unimpaired (Table II), and a-ketoglutarate accumu: 
lated during the oxidation of pyruvate. The effect of various concentra- 
tions of parapyruvate on the ability of citrate to promote pyruvate oxida- 
tion is also presented in Table II. The extinction coefficient ratios at 
different wave-lengths for the dinitrophenylhydrazones of the accumulated 
keto acid (in the presence of parapyruvate) and of pure a-ketoghterey 
were quite similar; the ratio at 400:460 my was 1.35 for both substances 
and at 420:540 my it was 2.16 for a-ketoglutarate and 2.15 for the accumu: 
lated keto acid. The spectral absorption curves for the two derivatives 
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were essentially identical. It was therefore concluded that this keto acid 
is identical with a-ketoglutarate. 
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Fig. 3. Effect of parapyruvate on time-course of pyruvate oxidation; medium 
and conditions as in Table I. Malate concentration: O, 5mm; @, 0.5 mm; X, 0.05 
mM. A, oxidation of pure pyruvate; B, oxidation of pure pyruvate in the presence 
of parapyruvate (1 mm). Pyruvate at 5 mM. 














TABLE II 


Inhibition by Parapyruvate of Ability of Cycle Intermediates 
to Promote Pyruvate Oxidation 


Pyruvate and cycle intermediates are 5 mm; medium as in Table I. 
’ 








Cycle intermediate Parapyruvate Per cent inhibition 
mM 
NCE 25 5c hes ode Wed ROR x one ee 0.0003 4 
<n pk, De ae SR eee ernment 0.001 10 
BED elo aac aa Bie were Ss ig ad yi Kw ee eee 0.003 19 
I, SRR eC Ry RE ee ee See ee 0.01 26 
sgh FA RS ey OME eg aT RA ea De eS ae 0.05 43 
tS RN eee eee rea eh oe AD Oey nr 0.1 64 
PPD Sa goes Bande a cre svbdidys wt OSA ae ae Oe 0.2 80 
Pe ie ihes os, wh ele a neath blew okue wag A ROe Gee 1 91 
Ae LIE Ne Os SO ee aE nT RET FOr eR OT 5 100 
rT ee re anne 1 80 
ET Ee errr 1 6 
DN Rel S28, ly ot aby dy eee acer’ 1 0 
NET, Sel Re Balt ee cy tals Cn a Ran Sil gra 1 0 











Site of Inhibition—The results were interpreted to mean that parapyru- 
vate blocked some reaction between isocitrate and succinate in the cycle. 
Parapyruvate in concentrations up to 5 mm did not inhibit either the iso- 
citric dehydrogenase from rat heart mitochondria or the oxalosuccinic de- 
carboxylase of pig heart. When parapyruvate and a-ketoglutarate were 
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present in equimolar concentrations, 45 per cent inhibition of isolated 
a-ketoglutaric oxidase was observed (Table III, Column 3); increasing the 
concentration of a-ketoglutarate reduced the inhibition. However, the de- 
gree of inhibition of a-ketoglutarate oxidation by intact mitochondria 
(Table III, Column 1), the inhibition of the ability of a-ketoglutarate to 
promote pyruvate oxidation (Table III, Column 2), and the inhibition of 


TaB.eE III 
Inhibition by Parapyruvate of a-Ketoglutarate Oxidation and of 
Ability of a-Ketoglutarate to Promote Pyruvate Oxidation 
The medium is as in Table I for mitochondrial oxidation of pyruvate and a-keto- 
glutarate (Columns 1 and 2). For the a-ketoglutaric oxidase assay (Column 3), the 
following were present in final concentration: cysteine (1.67 mm), DPN (1 mm), CoA 
(0.1 mm), and glycylglycine buffer (pH 7.2, 33 mm). The oxidase preparation was 
diluted to contain 5 y of protein per ml. and 0.01 ml. used. Change in optical den- 
sity at 340 my recorded; temperature was 30°. 





Per cent inhibition 








Parapyruvate a-Ketoglutarate sags Ability of a-ketoglu- 
aetoglutarate | tarate to promote | Ketyiaaceate 
(1) (2) (3) 
mM ™M 
0.1 | 1.0 | 0.0 
0.3 | 1.0 | 2.3 
1.0 1.0 | 10.8 12.5 
5.0 1.0 64.0 | 60.0 
0 0.05 | 87.0 
1.0 5.0 3.5 
5.0 5.0 19.5 
0.35 1.67 13.0 
1.67 1.67 45.0 
16.7 1.67 84.5 
1.67 16.7 25.1 

















the isolated oxidase were all much less than would be anticipated from the 
marked inhibition of the tricarboxylic acids to promote pyruvate oxidation 
(Table II), especially in view of the accumulation of a-ketoglutarate to 
concentrations a good deal in excess of the inhibitor present. Analysis of 
mitochondria and medium at the termination of an experiment showed that 
essentially all the a-ketoglutarate was present in the medium and hence 
that accumulation was not intramitochondrial. 

It was obvious that, when a-ketoglutarate and parapyruvate were added 
simultaneously to the mitochondria, little inhibition of a-ketoglutarate 
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oxidation was observed, but, if the inhibitor were allowed access to the 
mitochondria before a-ketoglutarate was produced in the system (from 
added tricarboxylic acids or from pyruvate in the presence of malate), po- 
tent inhibition was obtained and a-ketoglutarate accumulated in quantities 
equivalent to the pyruvate or tricarboxylic acid utilized. When the mito- 
chondria were preincubated with parapyruvate for varying periods, it was 
found that the oxidation of subsequently added a-ketoglutarate was 
strongly inhibited. Likewise, inhibition of the ability of a-ketoglutarate 
to promote pyruvate oxidation, quite comparable to that observed with 


TaBLe IV 
Inhibition of Ability of a-Ketoglutarate to Promote Pyruvate Oxidation by 
Different Concentrations of Parapyruvate Preincubated with 
Mitochondria for Various Times 
Pyruvate is at 5 mm and a-ketoglutarate at 1 mm; medium as in Table I. The 
mitochondria were incubated with parapyruvate and pyruvate at 27° and the a-keto- 
glutarate tipped in at the times indicated. 











Per cent inhibition 
Parapyruvate Preincubation time 
Qo, 10 min. Qo, 60 min. 
mM min. 
0.01 20 34 5 
0.03 20 57 26 
0.1 20 98 86 
0.3 20 99 97 
1 20 100 99 
1 15 92 81 
1 10 68 61 
1 5 57 57 
1 2 47 55 
1 0 21 54 














the tricarboxylic acids, was observed after preincubation with parapyru- 
vate, as shown in Table IV. When the preincubation period was 20 min- 
utes, marked inhibition was seen with as low a concentration as 0.1 mm 
and definite inhibition with 0.01 mm. There was no deterioration of the 


| mitochondria in the control vessels during these preincubation periods in 


the absence of a cycle intermediate. 

Mechanism of Inhibition—Entry of parapyruvate into the reaction se- 
quence of the oxidase appeared possible. Decarboxylation of parapyruvate 
by intact mitochondria and an acetone powder from pig heart were shown 
by determinations of CO: evolution (an initial Qco, of 150 with mitochon- 
dria). Decarboxylation, followed by oxidation, of parapyruvate yields 
citramalate. Citramalate itself, however, is not the active inhibitor since 
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at 1 mm it inhibited the ability of citrate to promote pyruvate oxidation 
only 20 per cent, whereas the same concentration of parapyruvate inhibited 
completely. This indicated that parapyruvate was not oxidized after de- 
carboxylation (this was substantiated by the fact that no oxygen uptake 
was ever observed when parapyruvate was added alone to mitochondria) 
but remained as a citramaly] derivative. 

By comparing initial and later inhibitions in Table IV, it is seen that 
some recovery occurred from partial inhibition produced by lower concen- 
trations of parapyruvate. It was also found that the block in the cycle 
could be overcome to a certain extent when the accumulated a-ketogluta- 
rate had arisen to a sufficiently high concentration. Thus when all of the 
pyruvate initially supplied to the mitochondria had been oxidized in the 
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Fig. 4. Effect of pyruvate addition after utilization of pyruvate initially present; 
medium and conditions as in Table I. Oxidation of pyruvate (3 mm) with malate 
(2 mM) allowed to proceed until sudden drop in Qo, indicated depletion of pyruvate; 
pyruvate (3 mm) tipped in at 95 minutes. ©, control with pure pyruvate; @, with 
parapyruvate (1 mM). 


presence of parapyruvate and converted mainly to a-ketoglutarate, the 
Qo, fell to a low level at which it remained for several hours, the respira- 
tion not failing completely as would be expected in a system depleted of 
pyruvate. Additional pyruvate, tipped in during this low level period 
of respiration, immediately increased the Qo, to a value near that of the 
control vessel without inhibitor and to which pyruvate had been similarly 
added (Fig. 4). Hence some substances must have been present which 
could form oxalacetate for condensation with the pyruvate added later. 


DISCUSSION 


Parapyruvate is a potent inhibitor of the oxidative decarboxylation of 
a-ketoglutarate to succinate in rat heart mitochondria and has no apparent 
action at the concentrations used on any other reaction in the cycle. Para- 
pyruvate is structurally similar to a-ketoglutarate, and it would not be sur- 
prising if competition could occur between these two substances for the 
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substrate-binding site on the a-ketoglutaric oxidase. No direct competi- 
tion of this nature could be demonstrated, however. The necessity of 
preincubation of the mitochondria with parapyruvate for potent inhibition 
of the a-ketoglutaric oxidase, the demonstrated decarboxylation of parapy- 
ruvate by mitochondria, the inability of the mitochondria to oxidize para- 
pyruvate, and the weak inhibitory action of citramalate all point to a mech- 
anism of inhibition in which parapyruvate enters into the reaction sequence 
of the a-ketoglutaric oxidase but is unable to be oxidized, thus remaining as 
a citramalyl derivative that blocks the utilization of a-ketoglutarate. In 
the presence of a-ketoglutarate, parapyruvate cannot be acted upon by the 
oxidase as readily, and the inhibition produced develops slowly. It is a 
competitive inhibition in its development but, once the inhibition is estab- 
lished, it is reversible with difficulty. The reaction of parapyruvate by 
which the a-ketoglutaric oxidase is blocked may be written provisionally as 





COO- 
Coo- 
H;C—C—OH 
H;C—C—OH 
CH, +R— | + CO, 
CH, 
C=O | 
CO—R 
Ccoo- 


in which R refers to that component of the enzyme system forming the 
citramalyl intermediate. 

Since the inhibitor has been demonstrated in relatively large amounts in 
pyruvic acid that was left standing for any length of time after distilla- 
tion, in most commercial samples of sodium pyruvate and in sodium pyru- 
vate prepared by the standard procedure (11), proper precautions should 
be taken in certain metabolic studies which utilize pyruvate. The presence 
of sufficient quantities of inhibitor in pyruvate can be detected by the poly- 
bromoacetone color reaction as used in the determination of citrate (12), 
but the most sensitive method at present would be a determination of the 
inhibition of the abilities of citrate or isocitrate to promote pyruvate oxida- 
tion in a heart mitochondrial preparation. Preliminary studies have shown 
that inhibition is produced in mitochondria from tissues other than the 
heart, but further work must be done to compare the degrees of inhibition 
accurately. It is possible that pyruvate containing the inhibitor was used 
in certain previous investigations on pyruvate oxidation (13-17) where 
a-ketoglutarate was found to accumulate or citrate was unable to initiate 
pyruvate oxidation. We should like to emphasize that, when pyruvate is 
used at 5 mm or at higher concentrations, the presence of the inhibitor at 
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as little as 1 per cent in the pyruvate will produce inhibition above 50 per 
cent in the a-ketoglutaric oxidase under the appropriate conditions. 


SUMMARY 


Parapyruvate inhibits specifically the oxidative decarboxylation of a- 
ketoglutarate to succinate in rat heart mitochondria and consequently 
produces a block in the cycle so that pyruvate is unable to be oxidized in 
the normal manner. The presence of approximately equimolar concentra- 
tions of a-ketoglutarate depresses the development of the inhibition, and 
thus preincubation with parapyruvate is necessary to demonstrate the 
potent inhibitory activity of parapyruvate. Evidence is presented that 
the mechanism of inhibition involves the entry of parapyruvate into the 
reaction sequence of the a-ketoglutaric oxidase, forming an acyl derivative the 
that is not oxidized and hence blocks the enzyme. Parapyruvate occurs eye! 


as an impurity in most commercial and laboratory-prepared sodium pyru- (1). 
vate, and the importance of this is discussed in relation to certain metabolic hibi 
studies. to k 
ing 
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Studies on rat heart mitochondria have shown that parapyruvic acid, 
the dimer of pyruvic acid, is a potent inhibitor of the tricarboxylic acid 
cycle, producing its effect by a specific block of the a-ketoglutaric oxidase 
(1). The present study attempts to elucidate the mechanism of this in- 
hibition on the a-ketoglutaric oxidase isolated from heart. The evidence 
to be presented indicates that parapyruvate inhibits the oxidase by enter- 
ing into the sequence of reactions associated with the operation of this en- 
zyme complex and blocking this sequence by depletion of a necessary co- 
factor. 


EXPERIMENTAL 


The a-ketoglutaric oxidase was prepared from pig heart and purified as 
described by Sanadi et al. (2). The enzyme preparation contained 1.71 
mg. of protein per ml. and had a specific activity of 234. The oxidase ac- 
tivity was determined by two methods. The “complete” assay, modified 
from the method of Hift et al. (3), involved determination of the rate of 
DPN! reduction spectrophotometrically in the presence of added CoA. 
The “incomplete” assay, according to the method of Sanadi and Littlefield 
(4), involved determination of the rate of reduction of the dye 2 ,6-DCPIP. 
It was found that neither magnesium nor DPT addition was required in 
either test; nevertheless, magnesium was added in the complete assay and 
both were added in the incomplete assay as specified in the original de- 
scriptions of the procedures. All determinations were made at 30° in a 
Beckman model DU spectrophotometer with constant temperature attach- 
ment. 


* This investigation was supported by a grant from the National Heart Institute, 
National Institutes of Health (No. H-1391C) and the Life Insurance Medical Re- 
search Fund, and aided by facilities supplied by the Allan Hancock Foundation. 

1The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
CoA, coenzyme A; DPT, diphosphothiamine; 2,6-DCPIP, 2,6-dichlorophenolindo- 
phenol. 
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Parapyruvate was prepared from the lactone of the dimer of pyruvic acid 
by allowing an aqueous solution of the lactone at pH 7.0 to stand overnight 
at room temperature, during which time the lactone ring opened and equi- 
librium was established (approximately 76 per cent parapyruvate). This 
solution was reneutralized immediately before use. a-Ketoglutaric acid 
was recrystallized as described previously (5) and neutralized immediately 
before use with KOH. CoA was 75 per cent pure and DPN 90 per cent 
pure. Lipoic acid was kindly supplied by Dr. E. L. R. Stokstad (Lederle 
Laboratories Division, American Cyanamid Company, Pearl River, New 
York) and [-citramalic acid, isolated from apple peel, was generously sup- 
plied by Dr. A. C. Hulme (Department of Scientific and Industrial Re- 
search, Food Investigation, Ditton Laboratory, Maidstone, England). 


Results 


Action of Lactone—Inasmuch as, at equilibrium, the solution of parapy- 
ruvate contained approximately 24 per cent of the lactone, it was important 
to determine whether the lactone had any effect on the enzyme; it had not 
had any measurable action on the cycle in heart mitochondria (1). The 
initial rate of opening of the lactone ring is rather high, and thus the lactone 
solution was prepared so that it could be added immediately to the enzyme 
system. It was very important to adjust the pH of the lactone solution to 
7.4 since the buffering capacity of the test medium was not adequate to 
maintain the pH; if this is not done, inhibition of the enzyme occurs because 
of the low pH. The lactone (5 mm) added immediately before determina- 
tion of DPN reduction by the enzyme in the presence of a-ketoglutarate 
(5 mM) in the “complete” assay was found to have no initial inhibitory ac- 
tion, but, after 4 minutes, slight inhibition was observed which reached 
about 7 per cent at 10 minutes, indicating the opening of the lactone ring. 
When the lactone (5 mm) was incubated for 20 minutes with the oxidase 
before the test, inhibition of 40 per cent was observed in the initial rate. 
This degree of inhibition would be equivalent to that produced by 0.02 mm 
parapyruvate under the same conditions (1), and thus the ring opening of 
less than 0.5 per cent of the lactone would account for the observed results. 
It seems likely therefore that the lactone itself was not inhibitory, even in 
relatively high concentration. 

Effect of Preincubation of Enzyme with Parapyruvate—The degree of a- 
ketoglutaric oxidase inhibition by parapyruvate in mitochondria depended 
upon the length of time the mitochondria were exposed to the inhibitor be- 
fore a-ketoglutarate was added to, or produced within, the system (1). By 
using the “complete” assay, a similar time relationship was found for inhibi- 
tion of the oxidase (Fig. 1). In each case a control was used in which the 
enzyme without parapyruvate was allowed to stand at the same tempera- 
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ture and time interval, since the activity of the enzyme decreased slowly 
when brought to 30°. The preliminary incubation time required for max- 
imal inhibition varied. with the parapyruvate concentration, lower concen- 
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PREINCUBATION TIME 
(MINUTES) 
Fig. 1. Effect of preincubating the enzyme for various times with parapyruvate. 
“Complete” assay system as in Table I; preincubation at 30°. The final concentra- 
tion of parapyruvate was 1 mm. 


TABLE I 
Inhibition of a-Ketoglutaric Oxidase by Parapyruvate after 
Preincubation of Enzyme and Inhibitor 

“Complete” assay system containing, in final concentration, CoA (0.3 mm), 
DPN (1 mm), cysteine (10 mm), MgCl. (10 mm), potassium phosphate buffer (pH 
7.4, 0.1 m), and a-ketoglutarate (5 mm). Cysteine and CoA were incubated in a 
cuvette for 3 minutes; other components were added and, to start the reaction, 0.1 
ml. of enzyme solution was diluted 1:10 with phosphate buffer (pH 7.2, 0.02 m). 
The enzyme was previously incubated with various concentrations of parapyruvate 
for 25 minutes at 30°. The controls contained enzyme previously incubated with 
phosphate buffer; a change of optical density at 340 my was recorded. 














| 
Preincubation concentration of 








parapyruvate Initial inhibition | 10 min. inhibition 
} 
mM 7 ‘ per cent per cent 
0.025 36 9 
0.25 | 78 41 
2.5 | 91 58 


25 100 98 


trations requiring a longer period. Parapyruvate concentrations as low as 
0.005 of the a-ketoglutarate concentration produced appreciable inhibition 
of the oxidase if allowed a sufficiently long period of previous incubation 
with the enzyme, as shown in Table I. 

Action of Parapyruvate in Incomplete Assay—When 2,6-DCPIP was 
used as the electron acceptor for the oxidative decarboxylation of a-keto- 
glutarate, succinate was formed (not succinyl CoA as in the “complete” 
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assay), and presumably lipoic acid, CoA, and DPN were not involved. In- 
hibition of the initial decarboxylation step by parapyruvate could thus be 
tested in this assay. The results are given in Table II. It may be seen, 
in confirmation of previous deductions, that parapyruvate was attacked by 
the oxidase and oxidatively decarboxylated at approximately the same rate 
as a-ketoglutarate in this assay. It is evident that inhibition was small if 
it occurred at all. Some competition between a-ketoglutarate and parapy- 
ruvate would be expected to occur as the enzyme approached substrate 


TaBLeE II 


Effect of Parapyruvate in Incomplete Assay System for 
a-Ketoglutaric Oxidase 

“Incomplete” assay system containing, in final concentration, DPT (1 mm), 
MgCl, (10 mm), potassium phosphate buffer (pH 7.4, 0.1 m), and sufficient 2,6-DCPIP 
to give an optical density of about 0.400. The reaction was started with 0.1 ml. of 
enzyme solution diluted 1:10 with phosphate buffer. Parapyruvate was either 
added to the basic medium or previously incubated with the enzyme for 10 minutes 
at 30°. Controls were made with enzyme previously incubated with phosphate 
buffer where necessary. Change in optical density (Z) at 600 my recorded; reaction 
time, 1 minute. 





Conditions a-Ketoglutarate Parapyruvate | SEs 











| mM mM 
No previous incubation | 10 0 57 
0 5 35 
0 10 53 
10 5 79 
Previous incubation 10 0 44 
0 5 27 
0 10 41 
10 5 53 





saturation. Preincubation of the enzyme with parapyruvate for 10 min- 
utes did not alter these relations. 

Localization of Inhibition—Parapyruvate itself in the ‘‘complete” assay 
did not bring about reduction of DPN and was not oxidized. Since the 
results with the “incomplete” assay showed that the enzyme could decar- 
boxylate parapyruvate and since decarboxylation was observed by a mito- 
chondrial preparation (1), it is likely that parapyruvate was decarboxylated 
in the “complete” assay to form a citramalyl-lipoic acid, analogous to the 
formation of succinyl-lipoic acid from a-ketoglutarate; however, the trans- 
acylation reactions by which reduced lipoic acid is released for reduction 
of DPN did not occur. Such an entry of parapyruvate into the enzyme 
sequence would also explain the necessity for preliminary incubation to 
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produce marked inhibition. Formation of a stable citramalyl derivative 
with either lipoic acid or CoA would deplete the system of a necessary 
component and prevent the oxidation of a-ketoglutarate. The activity 
of the oxidase in the “complete” assay was completely dependent on added 
CoA. If the stable citramaly] derivative contained CoA, addition of more 
CoA after the block had been produced would be expected to overcome 
the inhibition; however, addition of extra CoA at the beginning of the reac- 
tion or after the block had been established did not alter the development 
or degree of inhibition. Additions of excess DPT or lipoic acid, either be- 
fore or after inhibition was established, also had no effect on the pattern 
of inhibition; it is probable that DPT and lipoic acid are bound tightly 
to the enzyme so that additional DPT or lipoic acid cannot reach the 
active sites on the enzyme. It is also possible that a substance other than 
DPT or lipoic acid is involved. The possibility that citramalate, formed 
from parapyruvate, might be the true inhibitor was tested by preincubation 
of the oxidase with citramalate (5 mm) for 10 minutes in the “complete’’ 
system, but only 6 per cent inhibition was observed, confirming the results 
in mitochondria (1). 

Action of Arsenite on Oxidase—Arsenite is believed to react with the sulf- 
hydryl groups of lipoic acid (6) and may be used to evaluate the importance 
of these groups in the a-ketoglutaric oxidase. Arsenite (3.3 mm) has been 
shown to inhibit an impure a-ketoglutaric oxidase 55 per cent (7). The 
purified oxidase was found to be much more sensitive; in the ‘‘complete”’ 
system, arsenite at concentrations as low as 0.005 mm produced detectable 
inhibition, and 50 per cent inhibition occurred at 0.03 mm. This inhibi- 
tion was rapid and was not increased by preliminary incubation of the 
enzyme with the arsenite. In the “incomplete” assay, with the dye, no 
inhibition was found even with 0.5 mm arsenite which was sufficient to 
inhibit the “complete” system almost 100 per cent. 

Effect of a-Ketoglutarate on Development of Inhibition—The presence of 
a-ketoglutarate depressed the rate at which parapyruvate inhibited the 
cycle in heart mitochondria (1). When a-ketoglutarate and parapyruvate 
were present in equimolar concentrations (5 mm) in the “complete” system, 
inhibition slowly increased over 10 minutes, indicating that parapyruvate 
could enter the enzyme sequence in the presence of substrate; however, the 
rate of entry was much reduced, since at this concentration complete inhibi- 
tion would have been produced in 10 minutes of preliminary incubation 
with the enzyme in the absence of substrate, whereas with substrate the 
inhibition reached only 38 per cent. Similar results were obtained with 
0.5 mm parapyruvate and 5 mM a-ketoglutarate; the inhibition at 10 min- 
utes was only 19 per cent, whereas without substrate it would have been 
60 per cent. 
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Reversal of Inhibition—The evidence for reversibility of the inhibition in 
mitochondria (1) was confirmed with the oxidase (Table I). If the para- 
pyruvate concentration was not too high, a fair degree of reversal of inhibi- 
tion was observed in the presence of a-ketoglutarate, indicating that the 
citramalyl intermediate may be dissociable under certain conditions. 


DISCUSSION 


Parapyruvate is a structural analogue of a-ketoglutarate and reacts with 
the substrate site on the a-ketoglutaric oxidase; however, it does not remain 
bound to this site to block off the substrate, but is decarboxylated in the 
same manner as a-ketoglutarate to block the sequence of reactions by 
forming a relatively stable intermediate depleting the system of a necessary 
cofactor. The evidence that this intermediate is probably citramaly] lipoic 
acid is as follows. The sequence of reactions postulated by Gunsalus (8) 
for acyl generation from a-keto acids may be assumed for the “complete” 
oxidase assay system: decarboxylation of a-ketoglutarate (involving DPT), 
transfer of succinyl group to lipoic acid, transfer of succinyl group from 
lipoic acid to CoA, and oxidation of the reduced lipoic acid by DPN. Para- 
pyruvate presumably undergoes the first two reactions, but the transfer of 
the citramalyl group to CoA does not occur since no evidence was found 
for reduction of DPN with parapyruvate in the “complete” assay system, 
and addition of excess CoA did not restore activity. There is a possibility 
that the stable intermediate may be a citramalyl derivative of some un- 
known acyl acceptor instead of lipoic acid. For the “incomplete” oxidase 
assay system, the following reactions may be assumed: decarboxylation of 
a-ketoglutarate (involving DPT) and reduction of the dye with formation 
of succinate. Parapyruvate is oxidatively decarboxylated by this system 
but does not inhibit it because no acyl intermediate with lipoic acid is in- 
volved. 

Lipoic acid remains bound to the enzyme during the isolation of a-keto- 
glutaric oxidase, and it is not surprising that the citramalyl lipoic acid 
would also remain bound. This is substantiated by the fact that addition 
of excess lipoic acid did not overcome the inhibition. The difficulty would 
seem to be the transfer of the citramalyl group from lipoic acid to CoA. It 
is known that the lipoic transacylase that catalyzes this transfer shows a 
fair degree of specificity (9); thus the transfer of a 8-hydroxy-8-methy]- 


succinyl group might be impossible. If the terminal carboxyl group is in- | 
volved in the transfer of the acyl group, it might be supposed that the hy- | 


droxyl and methyl groups adjacent sterically interfere in the reaction. The 
postulated block in the system is diagrammatically shown in the lipoic acid 
cycle as formulated by Gunsalus (9) in Fig. 2. 

The postulated mechanism accounts for the high inhibitory potency of 
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parapyruvate since only a sufficient amount to deplete lipoic acid from the 
system would be required. Arsenite probably inhibits the oxidase by 
forming a stable compound with the sulfhydryl groups of lipoic acid and, 
since the two inhibitors may block the oxidase at the same site, it is interest- 
ing that they are of approximately equal inhibitory potency, 0.02 to 0.03 
pmole of each in the 1 ml. of test mixture producing about 50 per cent in- 
hibition. 

We have preliminary evidence that parapyruvate also inhibits the a- 
ketoglutaric oxidase in tissues other than the heart. Mitochondrial and 
tissue slice studies have shown inhibition in brain and kidney, while the 
isolated oxidase from Azotobacter was inhibited almost as readily as the 
heart enzyme. 

Several problems arise with respect to the action of parapyruvate on in- 
tact cells, isolated tissues, or whole animals. In the first place, it is possi- 
ble that permeability to the inhibitor may limit the degree to which it will 


DPNH + H* 
DPN* 
P A wg 2. CITRAMALYL-CoA 
(-CO3) SS co) 


CITRAMALYL-LAH 


Fig. 2. Diagrammatic representation of the block produced by parapyruvate in 
the lipoic acid cycle. The reactions are represented as formulated by Gunsalus (9). 
The reactions represented by broken arrows are postulated not to occur, and hence 
the cycle is blocked at the point indicated. LA = lipoic acid; PP = parapyruvate. 


penetrate certain cells, since both carboxyl groups have rather low pK 
values (2.35 and 3.95), and at physiological pH very little would exist in 
the undissociated forms. Secondly, the degree to which the parapyruvate 
will enter into the a-ketoglutaric oxidase will depend on the activity of the 
cycle and the concentration of a-ketoglutarate present. Thirdly, in cer- 
tain tissues there may be enzymes capable of attacking parapyruvate and 
removing it. Fourthly, the degree of effect on the function of a particular 
cell or tissue will depend on the energy requirements from the cycle and 
the a-ketoglutarate-succinate step, and possibly upon the effects of accumu- 
lated a-ketoglutarate if the block were established. 


SUMMARY 


The mechanism by which parapyruvate inhibits a-ketoglutaric oxidase 
has been investigated, and it is postulated that a block in the reaction se- 
quence is produced by the formation of a stable citramalyl-lipoic acid, de- 
pleting lipoic acid from the enzyme system. a-Ketoglutarate competes 
with parapyruvate during the development of the inhibition but only with 
difficulty after the inhibition has been established. 
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A MICROCOLORIMETRIC METHOD FOR THE DETER- 
MINATION OF 1,2-PROPANEDIOL PHOSPHATE* 


By C. G. HUGGINSt anp O. NEAL MILLER 


(From the Department of Biochemistry, and the Nutrition and Metabolism 
Research Laboratory, Department of Medicine, Tulane University 
School of Medicine, New Orleans, Louisiana) 


(Received for publication, September 1, 1955) 


Recent interest in the metabolism of 1,2-propanediol phosphate (1-9) 
has made desirable the development of a specific assay procedure for the 
determination of this compound in tissues. The extreme stability of the 
phosphorylated compound to strong acid and to alkali (1, 10) and its 
ready hydrolysis to 1 ,2-propanediol and phosphate by both acid and alka- 
line phosphatase (1) have led to the development of an assay procedure 
based on the oxidation of 1,2-propanediol to acetaldehyde and formal- 
dehyde by periodate (11). An aeration train has been utilized by this 
method similar to that described by Shinn and Nicolet (12), in which the 
aeration is carried out at pH 7.0 to 7.2 and thereby acetaldehyde is selec- 
tively separated from formaldehyde and trapped in a solution of sodium 
bisulfite. Acetaldehyde is then condensed with p-hydroxydipheny] in con- 
centrated sulfuric acid as described by Eegriwe (13) and its concentration 
determined colorimetrically. 


EXPERIMENTAL 


Reagents—Sodium periodate, 80 umoles per ml., sodium salt being pre- 
ferred to the potassium salt because of its greater solubility in water. 
Phosphate buffer, 1.0 m, was prepared in the usual manner and the pH 
adjusted to 7.1; an aqueous sodium bisulfite solution, 5 per cent, was pre- 
pared daily. An alkaline solution of p-hydroxydiphenyl was prepared ac- 
cording to previously described procedures (14), and sulfuric acid, c.p., 
and water-pumped nitrogen were used in the analytical method to be de- 
scribed. Partially purified intestinal alkaline phosphatase was prepared 
by the method of Schmidt and Thannhauser (15). The purification was 
carried up to the last step (15) and allowed to remain in 0.02 nN ammonium 

* This work was supported by the Division of Research Grants and Fellowships, 
National Institutes of Health, United States Public Health Service: grant Nos. H- 
1525C and A-1. The experimental data in this paper are taken from a thesis submit- 
ted by C. G. Huggins to the Graduate School of Tulane University in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy. 


} Present address, Department of Pharmacology, the University of Kansas Medi- 
cal Center, Kansas City, Missouri. 
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acetate buffer. The phosphatase preparation was divided into 5 ml. ali- 
quots and kept frozen until needed. At this time, 5 ml. aliquots of enzyme 
were diluted to 40 ml. with Veronal buffer, pH 9.6. 


Methods 


Acetaldehyde—Acetaldehyde was determined by the method of Eegriwe 
(13) as modified by Barker and Summerson (14), except that the copper- 
lime purification was unnecessary in this case and therefore omitted. 
a FROM NITROGEN MANIFOLD 
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Fic. 1. Apparatus used for selective separation of acetaldehyde from formalde- 
hyde. 


1 ,2-Propanediol'—An oxidation-aeration train was constructed as de- 
picted in Fig. 1. Eight of these units were set up in parallel manner for 
multiple analyses, all eight being connected to a manifold which in turn 
was connected to a cylinder of nitrogen. Since the filter sticks used for 
dispersing the gas were of varying porosity, it was necessary to fit each 
unit with a screw clamp for regulating the flow of nitrogen. An aliquot of 
1 ,2-propanediol solution, pH 7.0 to 7.2, in a volume of not more than 4 ml. 


1 The following abbreviations are used throughout this paper: PD, 1,2-propane- 
diol; PDP, 1,2-propanediol phosphate. 
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ali- was added to Tube I. In order to get reproducible results, it is desirable 
me to have at least 0.1 umole of 1,2-propanediol. 3 ml. of phosphate buffer 
(1.0 M, pH 7.1) were added, followed by 1 drop of Dow-Corning antifoam 
A. 

1 ml. of 5 per cent sodium bisulfite solution was added to Tube II, and 
iwe then 9 ml. of water. Lastly, 0.5 ml. of sodium periodate solution was 
er- added to Tube I, and immediately thereafter each unit (Tubes I and II) 
was completely assembled and aeration with nitrogen begun. The aera- 
tion proceeds at a rapid rate under a nitrogen pressure of approximately 
5 pounds per sq. in. for 2 hours. Acetaldehyde was trapped in the sodium 
bisulfite solution and determined by the method outlined above. The 
data presented in Table I were obtained by the above procedure. 


TABLE | 
Quantitative Determination of 1,2-Propanediol 

















Sample No. | PD added PD found | Per cent recovery* 
—EEEE — Ee | ——— | ——______ - 
umoles pmoles 
1 | 7.54 | 6.75 91 
2 | 7.54 | 6.94 | 94 
3 | 7.54 | 6.61 | 89.5 
4 | 3.86 3.42 | 89 
5 3.86 | 3.71 | 96.5 
OTR TORII i555. 6.5.0. 5 30.5 658A Res PANES Bes Sas | 92 








* Micromoles found per micromoles added X 100. 


1,2-Propanediol Phosphate—5 ml. aliquots of a solution, pH 8 to 9, con- 
taining 1 ,2-propanediol phosphate (not more than 2 umoles*), were added 
to a series of test-tubes. 3 ml. of Veronal buffer (0.1 m, pH 9.6) were 
added to the tubes containing the sample, followed by 0.5 ml. of magne- 
alde- | sium chloride (15 per cent). 0.5 ml. of a solution of partially purified in- 
testinal alkaline phosphatase was added and the tubes were incubated for 
3 hours at 43° in a constant temperature water bath. An additional 0.5 


3 de- | ml. of the phosphatase solution was added and the incubation continued 

r for } for another 3 hours, making the total incubation period 6 hours. Phos- 

turn | phatase activity was then stopped by addition of 0.5 ml. of 100 per cent 

d for } trichloroacetic acid. Each sample was set up in duplicate incubation tubes 

each } and enzyme activity was stopped at zero time in 1 tube of each pair. Both 

ri tubes were then incubated for 6 hours as described above. Proteins were 
ml. 


removed from the incubation tubes by centrifugation and the pH of the 


pane- * The activity of the phosphatase determines to a large extent the upper limits of 
1,2-propanediol phosphate that one may use. 
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supernatant fluid adjusted to 7.0 to 7.2. Appropriate aliquots of these 
supernatant fluids were analyzed for 1 ,2-propanediol by the method de- 
scribed above. The molar concentration of 1,2-propanediol phosphate 


am 
ph 











, : Ph 
may then be determined by the following formula. 10 
’ 
[PD after phosphatase action] — [PD before phosphatase action] tra 
= [1,2-propanediol phosphate] wa 
P ° P 08] 
The data presented in Table II are typical of the data obtained after anal- em 
- : Fig 
ysis of 1 ,2-propanediol phosphate by the above procedure. 
TABLE II wh 
Quantitative Determination of 1,2-Propanediol Phosphate 
Experiment No. Incubation time PDP added PDP found* | Per cent recoveryt 
hrs. pmoles pmoles “e 
1 0 12.2 0 
1 6 12.2 10.8 88.5 
2 0 18.15 0 
2 6 18.15 15.2 84 
3 | 0 3.6 0 
3 6 3.6 3.3 92 
4 0 2.0 0 
4 6 2.0 1.9 95 





* Average of four experiments. 
t Micromoles found per micromoles added X 100. 


RESULTS AND DISCUSSION 
Effect of Time on Liberation of Phosphate and 1 ,2-Propanediol from 1 ,2- 


Propanediol Phosphate—1 ,2-Propanediol was liberated by phosphatase ac- - 
tion on PDP at a rate roughly parallel to that at which phosphate was f, 
liberated only after 4 to 6 hours of incubation with the enzyme. Unex- , 
pectedly, PD appeared to be liberated less rapidly than phosphate during “i 
short periods of incubation with phosphatase. It had been previously ye 
noted (1) that crude preparations of enzymes from the gut of the rat would | 

liberate phosphate from the natural isomer of PDP at a rapid rate. It is } - 
assumed that the slower rate of enzyme action on dl-PDP exhibited by | ee 
purified intestinal phosphatase may in part be due to the influence of the | 

unnaturally occurring isomer of PDP on the enzyme. It is possible that my 
the lack of agreement between phosphate and PD liberated in early phases h: 
of incubation may also be attributed to the effect of the unnaturally oc- = 
curring isomer of PDP. Consequently, it was necessary to select a period ai 
of 6 hours incubation of the enzyme with PDP in order that complete ind 
agreement might be assured between the amount of phosphate and the on 
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amount of PD liberated. Three aliquots of a standard 1,2-propanediol 
phosphate solution were incubated with intestinal alkaline phosphatase. 
Phosphatase action was halted by addition of trichloroacetic acid at 0, 
10, 20, 30, 40, 50, 60, 120, 180, and 360 minutes. The protein-free fil- 
trates were then analyzed for 1 ,2-propanediol and phosphate. Phosphate 
was determined by the method of Taussky and Shorr (16), and 1 ,2-pro- 
panediol by the method described above. The results are presented in 
Fig. 2. 

Interfering Substances—Few compounds in tissues have been described 
which are known to yield acetaldehyde upon periodate oxidation. A series 
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Fic. 2. The effect of time on the liberation of phosphate (©) and of 1,2-propane- 
diol (X) from 1,2-propanediol phosphate by intestinal alkaline phosphatase. 





of such compounds known to be, or suspected to be, present in tissues was 
submitted to analysis by the procedure for 1,2-propanediol determina- 
tion. These compounds were dissolved in aqueous solution at a concen- 
tration of 10 uwmoles per ml. and then 1 ml. was used in the analytical 
procedure. The quantity was a 50-fold excess over that used for 1,2- 
propanediol. The compounds investigated were 2 ,3-butylene glycol, malic 
acid, glycerol, n-propanol, sodium §-glycerophosphate, propionic acid, iso- 
propanol, pi-glyceraldehyde, 8-hydroxy-n-butyric acid, d(+)-trehalose, 
ribose, fructose-6-phosphate, fructose-1,6-diphosphate, glucose-6-phos- 
phate, glucose-1-phosphate, rhamnose, mannose, arabinose, dulcitol, sor- 
bitol, ethanol, pyruvic acid, acetone, dihydroxyacetone, phosphoglyceric 
acid, threonine, acetol, deoxyribose nucleic acid, and the ribose nucleic 
acids, autoclaved with 0.1 N HCl for 2 hours, pi-a-amino-n-butyric acid, 
trans-aconitic acid, acetylacetone, ethyl acetoacetate, methyl glyoxal, and 
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acetylmethylearbinol. The phosphorylated compounds were subjected to | P® 
intestinal alkaline phosphatase action for 6 hours at pH 9.6 and at 43° | gly 
before they were analyzed for acetaldehyde-producing ability. Of this | 4el 
series of compounds, only rhamnose, 2,3-butylene glycol, acetylmethyl- | tt 
carbinol, and threonine gave positive results and appeared to be con- 
verted quantitatively to acetaldehyde. This interference was to be ex- 
pected from their chemical structure. Rhamnose, 2,3-butylene glycol, 
and acetylmethylearbinol have not been reported to be widely distributed 
in tissues. Threonine, an essential amino acid, has not been found in the 3. 
free form in biological tissues in sufficient concentration to interfere in this 
determination (17-20). 

Absorption curves of the color produced when acetaldehyde, formalde- 
hyde, and a mixture of the two are condensed with p-hydroxydipheny] are 
similar with absorption maxima at 560, 610, and 585 my, respectively. 
It was found that 60 per cent of the formaldehyde actually present in a 9. 
mixture of the two aldehydes may be determined as acetaldehyde if read | 10- 
at 560 my. For this reason it was found necessary to separate the two 
aldehydes quantitatively. In the determination as described, care has been | 3 
taken to prevent aeration of formaldehyde by controlling the pH of the | 14, 
solution with a buffer. If, however, the concentration of formaldehyde | 15. 
precursors, such as glucose or glycerol, present in the periodate oxidation | 16. 
tube exceeds the molar ratio of 50:1 with respect to acetaldehyde, it may 
be necessary to suppress the aeration of formaldehyde without suppressing [| jo 
that of acetaldehyde by addition of an amino acid such as glycine or ala- | 20. 
nine. This technique was previously used by Shinn and Nicolet (12). 
After the development of the color, it is possible to determine qualitatively 
whether there has been contamination by formaldehyde. Trace contami- 
nation with formaldehyde will produce a blue-violet solution, and larger 
amounts will completely mask the true violet color formed by acetalde- 
hyde by producing a deep blue-colored solution. It was not found neces- 
sary to use an amino acid to suppress formaldehyde aeration except in 
extreme conditions, which one rarely encounters. It is not recommended 
for routine work; indications for its use are self-evident upon development 
of the color reaction. 

The method described has not been used extensively in analysis for ac- 
tual concentration of PD and PDP in animal tissues. However, it has 
been found to be quite good in determining the disappearance or appear- | 
ance of these compounds in metabolic experiments with yeast cells. : 


SUMMARY 


A microcolorimetric method has been described for the determination of 
1 ,2-propanediol phosphate as 1,2-propanediol. The phosphorylated com- 
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>d to | pound is hydrolyzed to 1,2-propanediol and phosphate, after which the 
43° | glycol is oxidized by periodate to acetaldehyde and formaldehyde. Acetal- 
this | dehyde is selectively aerated from the mixture and collected in a bisulfite 
thyl- | trap, and its concentration is determined colorimetrically. 

7 BIBLIOGRAPHY 
@ eX- 
week 1. Miller, O. N., Huggins, C. G., and Arai, K., J. Biol. Chem., 202, 263 (1953). 
yco!, 2. Miller, O. N., Huggins, C. G., Arai, K., and Sandman, R. P., Federation Proc., 11, 

outed 261 (1952). 

n the 3. Groth, D. P., LePage, G. A., Heidelberger, C., and Stoesz, P. A., Cancer Res., 

n this 12, 529 (1952). 

4. Rudney, H., Federation Proc., 11, 279 (1952). 

ralde- 5. Rudney, H., Arch. Biochem., 29, 231 (1950). 

, 6. Huff, E., and Rudney, H., Federation Proc., 12, 221 (1953). 
ylare | 7, Rudney, H., J. Biol. Chem., 210, 353, 361 (1954). 
ively. 8. Huggins, C. G., and Miller, O. N., Federation Proc., 18, 233 (1954). 
tina 9. Groth, D. P., and LePage, G. A., Cancer Res., 14, 839 (1954). 

f read 10. Lindberg, O., Ark. Kemi, Mineral. o. Geol., 28, No. 2 (1946-47). 

e tes 11. Jackson, E. L., in Adams, R., Organic reactions, New York, 2, 341 (1944). 

, 12. Shinn, L. A., and Nicolet, B. H., J. Biol. Chem., 188, 91 (1941). 
sbeen | 13. Eegriwe, E., Z. anal. Chem., 95, 323 (1933). 
of the | 14. Barker, 8. B., and Summerson, W. H., J. Biol. Chem., 188, 535 (1941). 
ehyde 15. Schmidt, G., and Thannhauser, 8. J., J. Biol. Chem., 149, 369 (1943). 

Jation 16. Taussky, H. H., and Shorr, E., J. Biol. Chem., 202, 675 (1953). 

. 17. Salander, R. C., and Patton, A. R., J. Nutr., 47, 469 (1952). 

: y 18. Awapara, J., Landua, A. J., and Fuerst, R., Biochim. et biophys. acta, 5, 457 (1950). 

‘essing | 19. Stein, W. H., and Moore, S., J. Biol. Chem., 211, 915 (1954). 
or ala- | 20. Tallan, H. H., Moore, S., and Stein, W. H., J. Biol. Chem., 211, 927 (1954). 

; (12). 
utively 
ntami- 
larger 
etalde- 
neces- 

‘ept in 
nended 
ypment 
for ac- 
it has 
uppear- 

tion of 

-d com- 











XUM 











B. 


(From 


Ril 
proxi 
this ¢ 
has b 
the r 
this | 

Sai 
in th 
large 
teoly 
since 
the fi 
strate 
Since 
boxy] 
shoul 
of ox 
This 
select 
chara 
nucle 
Eleve 
pepti 
conta 

Ou 
| ylatic 
diges 
only. 
large 





THE STRUCTURE OF RIBONUCLEASE 
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Ribonuclease consists of a single, cross-linked chain (1) containing ap- 
proximately 124 amino acid residues (2, 3). The N-terminal sequence of 
this chain, together with certain deductions concerning its gross structure, 
has been presented earlier (1). In the present paper we wish to report on 
the results of one approach to the elucidation of the complete sequence of 
this protein. 

Sanger concluded in his review in 1952 (4) that “Probably the chief need 
in this field is for techniques for the specific breakdown of proteins into 
larger peptides and for the fractionation of such peptides.” Of the pro- 
teolytic enzymes available, trypsin appears to have the sharpest specificity 
since no evidence for peptide bond cleavage other than that expected from 
the fundamental studies of Bergmann and Fruton (5, 6) has been demon- 
strated in protein degradation studies on insulin (7) or corticotropin (8-10). 
Since trypsin catalyzes the hydrolysis of peptide, bonds involving the car- 
boxyl groups of the basic amino acid residues, lysine and arginine, one 
should obtain a mixture of fifteen peptides by complete trypsin digestion 
of oxidized ribonuclease, which contains 10 lysine and 4 arginine residues. 
This has been the basis of the approach to the structure of ribonuclease 
selected by Hirs, Moore, and Stein (3), who have been able to isolate and 
characterize thirteen peptides of distinctly different composition from ribo- 
nuclease which account for all the amino acid residues of the molecule. 
Eleven of these peptides contain 1 basic amino acid residue. Two of the 
peptides, one of which is from the N-terminal sequence of ribonuclease, 
contain 2 basic residues. 

Our own approach has been to mask the lysine residues by dinitrophen- 
| ylation of their e-amino groups, rendering them unsusceptible to trypsin 
| digestion, and, theoretically, allowing cleavage at the arginine residues 
only. There should be produced, under these circumstances, five rather 
large peptides from ribonuclease having an average size comparable to the 
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peptide chains of insulin. Each of these peptides, then, should lend itself 
more readily to sequence studies than the much larger, intact protein, 
Furthermore, by the isolation from other types of digests of peptides in- 
volving arginine, and by determination of these arginine-containing se- 
quences, the relative alignment of the large trypsin-produced peptides 
would be permitted. Such studies on the production, separation, charac- 
terization, and relative alignment of trypsin-produced fragments of oxi- 
dized, dinitrophenylated ribonuclease are reported below, together with 
ancillary data which permit the partial reconstruction of the amino acid 
sequence of the molecule. 


Materials 


Ribonuclease—As in previous studies, the present work was carried out 
on a single lot of commercial ribonuclease (Armour, Lot 381059), some of 
the chemical and physical properties of which have been described earlier 
(1). This preparation gave essentially a single peak on IRC-50 chroma- 
tography (11), indicating a very low initial level of the component desig- 
nated as component “B.” 

The “B” component (or a material chromatographically similar to it) 
appears to be formed during storage at low temperature (Hirs, personal 
communication), and our working material has undoubtedly become en- 
riched with it. The assumption has been made, however, that the chem- 





ical changes taking place during the conversion from “A” to “B” do not | 


influence the sequence of amino acids in the molecule, but are concerned 
with functional groups involved in net charge and charge distribution (e.g. 
amide groups). Indeed, recent titration and spectrophotometric studies 
by Tanford and Hauenstein (12) indicate that the two chromatographic 
species differ by only a single free carboxyl group. 

Performic acid oxidation of ribonuclease was performed observing the 
precautions outlined by Thompson (13) and by Hirs (14) to avoid the 
chlorination of tyrosine. 

The oxidized ribonuclease was dinitrophenylated according to the basic 
procedure of Sanger (15). 

Trypsin—The material used was commercial Armour, three times crys- 
tallized, salt-free trypsin (Lot M68009). In order to lower, preferentially, 
the relative activity of any chymotrypsin contaminant, the trypsin was 
initially subjected to an incubation in M/16 hydrochloric acid for 24 hours 
at 37° at a concentration of 1 per cent, as suggested by Northrop and Ku- 
nitz (16). 


Results 


Kinetics of Trypsin Digestion—A 1 per cent suspension of dinitrofluoro- | 


benzene-treated, oxidized ribonuclease in phosphate buffer, pH 7.9, ionic 
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strength 0.16, was made 0.020 per cent with respect to acid-treated trypsin 
and incubated at 37°. The undigested ribonuclease derivative is rendered 
completely soluble after about 10 minutes of digestion. Aliquots contain- 
ing 10 mg. of the substrate were removed (Fig. 1) at various times, 0.1 cc. 
of 0.2 m dinitrofluorobenzene was added immediately, and the aliquots 
were dinitrophenylated according to Levy (17). After extracting the ex- 
cess reagent, the samples were dried in vacuo and hydrolyzed for 18 hours 
with 6 N HCl in sealed tubes at 105°. The hydrolysates were diluted, each 
divided into two equal parts, extracted eight to ten times with half volumes 
of peroxide-free ether, and concentrated to dryness by evaporation at 60°. 
The ether-soluble fraction was then chromatographed according to Levy 
(17). The complex zones containing DNP-aspartic and DNP-glutamic 
acids were rechromatographed by using the ¢ert-amyl alcohol-phthalate 
buffer (pH 5) system of Blackburn and Lowther (18). All separated DNP- 
amino acids were eluted and estimated spectrophotometrically at 360 mz. 

It was found in preliminary experiments that DNP-cysteic acid was not 
adsorbed by the acid talc-kieselguhr columns generally used for desalting 
solutions of water-soluble DNP-amino acids (19). The aqueous residues, 
after ether extraction, were therefore evaporated in vacuo to a dry film and 
DNP derivatives were dissolved away from the bulk of the salt by small 
washes of ethanol-0.1 n HCl (4:1). This fraction was chromatographed 
in two dimensions (17) and determined as above. 

The absence of DNP-glycine or DNP-proline as N-terminal groups was 
demonstrated by repeating the above procedures on hydrolysates carried 
out in concentrated HCl, in which a portion of these otherwise highly la- 
bile derivatives survives hydrolysis (20). Correction factors for loss during 


| hydrolysis (20)! and chromatography (determined independently by sub- 





jecting synthetic derivatives to the same procedures)? were applied, and 
the results were expressed as moles of DNP-amino acid per mole of bis- 
DNP-lysine, the N-terminal residue of ribonuclease. 

The results of the kinetic study of digestion with acid-treated trypsin 
are shown in Fig. 1. Two glutamic acid terminal peptides, one aspartic 
acid terminal peptide, and one cysteic acid terminal peptide are formed in 
addition to the peptide containing the N-terminal bis-DNP-lysine residue 
already present in DNP-oxidized ribonuclease. Of the new end-groups 
formed, DNP-cysteic acid appears most slowly. As shown, the yield of 
this end-group was 0.75 mole per mole of ribonuclease at 8 hours and about 
0.85 mole per mole at 24 hours. The use of trypsin which has been treated 
to inactivate other contaminating proteolytic enzymes is of distinct advan- 
tage. Thus it has been found in kinetic experiments similar to those sum- 

1 Recovery of DNP-cysteic acid after hydrolysis, 95 per cent. 


* Chromatographic recovery, DNP-aspartic and DNP-glutamic acids, 90 per cent; 
bis-DNP-lysine, 80 per cent; DNP-cysteic acid, 90 per cent. 
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marized in Fig. 1 that commercial trypsin, used at the same level of tryptic 
activity, led to the appearance of as much as 0.4 mole per mole of other 
non-specific end-groups (Ser, Thr, Ala, Val) as compared to 0.2 mole per 
mole (Fig. 1) after 8 hours of digestion. 

In the preparation of digests for fractionation studies, a digestion time 
of 8 hours with acid-treated trypsin was selected. Under these conditions, 
non-tryptic hydrolysis was minimal and specific cleavages were essentially 
complete (Fig. 1). 


Fractionation of Digestion Mixture 


The digestion mixture was adjusted to pH 2.5 to 3.0 by the addition of 
hydrochloric acid, yielding an acid-soluble and an acid-insoluble fraction. 





T T T T T T T T T T T T 


eGLU ASER @® VAL @ CYSO3H 
o ASP SALA O THR 


N 
14) 
T 
lL 


© 
° 





a) 








° 




















MOLES END-GROUPS PER 
MOLES BIS-DNP-LYSINE 


° 4 8 12 16 20 24 
DIGESTION TIME (HOURS) 


Fic. 1. Production of N-terminal amino acid groups during digestion of DNP- 
oxidized ribonuclease by acid-treated trypsin. See the text for digestion conditions. 


The precipitate, containing the bulk of the material, was washed three 
times with 0.02 m acetic acid, and the washings were combined with the 
supernatant fraction. 


Fractionation of Acid-Soluble Fraction 


By end-group analysis the only important constituent of this fraction was 
found to be the aspartic acid terminal peptide. Much smaller amounts of 
a variety of other peptides were present, including most of the materials 
formed by non-tryptic hydrolysis. 

The aspartic acid terminal peptide was readily fractionated from these 
contaminants by simple electrophoresis on paper or a cellulose powder 
block after the material had been desalted by adsorption on a talc-kiesel- 
guhr column (19). The migration of this component is as indicated in 
Fig. 2 (Band I). 
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Fractionation of Acid-Insoluble Fraction 


Electrophoresis—The separation of the constituents of this fraction was 
not possible by the usual electrophoresis procedures with dilute aqueous 
buffers, owing to the pronounced adsorption of these compounds on the 


CMS. FROM ORIGIN 






































3 19 24 27 30 
: wy ywuw 
Rr 
0.00-— ie ee 
8 002@ 
0.25 @ O.@@O0O 
O@QO 
0.50 O O-_@ @ _ 
O © 
0.75 








Fig. 2. Fractionation of the acid-insoluble fraction. Electrophoresis was done 
on Whatman No. 3 paper wet with 8 m urea-0.04  collidine-acetate buffer, pH 7.9, 
and run for 12 hours at 800 volts, 12 ma., under toluene (21). Descending chromatog- 
raphy was done on Whatman No. 3 paper by using the system: sec-butanol 60, tert- 
butanol 20, 2,4,6-collidine 20, ammonium hydroxide 2, glacial acetic acid 0.25, water 
100 (volume per volume). The papers were allowed to equilibrate for 2 hours in an 
atmosphere of the aqueous phase before introduction of the organic phase. Desig- 
nation of peptides, Band I is the N-terminal aspartic acid Peptide C, present in 
trace amounts in the acid-insoluble fraction; Band II, Rp 0.27, is the N-terminal 
glutamic acid Peptide B; Band III, present in trace amounts, was not investigated; 
Band IV, Rr 0.54, is the N-terminal lysine Peptide A; Band V, Rr 0.46, is the N- 
terminal glutamic acid Peptide E; Band VI, Rr 0.22, represents unhydrolyzed Pep- 
tides C + D; Band VII, Rp 0.15, is the N-terminal cysteic acid Peptide D. 


several types of supports tried. However, by wetting the paper (What- 
man No. 3) with buffer at a pH above 7, made 8 m with respect to urea, ad- 
sorption became negligible and the components migrated in rather sharp 
bands, particularly when the high voltage gradient technique of Michl (21) 
was used. In this way, the lysine terminal peptide (Band IV) and one glu- 
tamic acid terminal peptide (Band II) were readily separated (Fig. 2). 
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The charge densities of the other components were sufficiently similar to | eff 
prevent clean separation at this pH. At lower pH values, the components | de 
either became insoluble or were progressively more strongly adsorbed. The} we 
choice of pH range was further restricted, since high pH values had to be | etl 
avoided because of the lability of the DNP derivatives in alkaline solution, | va 

Counter-Current Distribution—Fractionation of the trypsin products . 
could also be accomplished by counter-current distribution. The most} co 
useful solvent systems were mixtures of sec-butanol, fert-butanol, collidine, | of 
and buffers at a pH of 7 or above. The fractionation could be followed by } va 
absorption measurements at 360 my of the yellow DNP derivatives. Af dit 
fractionation involving 150 transfers by a system composed of sec-butanol- 
tert-butanol-0.025 m phosphate buffer, pH 6.80 (75:25:100), allowed the | be 
separation of the lysine terminal peptide, two distinct peaks containing} an 
glutamic acid as the major end-group and one slow peak containing aspartic | Le 
and cysteic acids as the end-groups. A complex mixture of peptides, con-f Dt 
taining about 20 per cent of the total sample, remained in the first few tubes. gr 
Except for a portion of the N-terminal lysine component, none of these 
fractions was found, by end-group analysis, to be of sufficient purity for} th 
analysis without preliminary electrophoretic separation. 

The pattern of fractionation was very similar when distribution chroma-} pj 
tography was employed with either cellulose columns or paper sheets. In 
view of the simplicity afforded by the use of a cellulose support, distribu- | ¢! 


tion was subsequently carried out on paper. Although streaking was no ws 
serious problem with these systems, the use of such a support suffered from |, 


the retention of variable amounts of the peptides at the point of applica-} py 
tion. This was largely avoided by using a minimal volume of solvent (1 } an, 
per cent trimethylamine) to dissolve the sample so as to make repeated ap- | i" 
plications unnecessary and by inclusion of collidine in the developing sol- 
vent. A diagram summarizing the chromatographic purification of the} };) 
electrophoretic components is shown in Fig. 2. en! 

A combination of the electrophoretic and distributive chromatographic | “t 
techniques permitted the clean fractionation of all five peptides present in} “t 
the digestion mixture.* Elution of the compounds from paper was best 


3’ Numerous other methods were examined for their possible value in fractionation. 
Owing to the large size and high level of both non-polar and polar groups present in | tog 
the peptides under investigation, techniques involving resincolumns, anionic cellulose | Lo 
columns, and most paper chromatographic procedures were unusable, on account of | tio 
strong adsorption effects. A gradient salting in procedure, in which high ethanol (33 | bo: 
to 66 per cent) concentrations, low ionic strengths (0.002 to 0.005), and a continuously | D? 
changing pH (3 to 9) were employed, yielded very encouraging enrichments, up to 80} ¢o! 
per cent, for single constituents, as reported earlier (22). The salting in solution was the 
allowed to flow over a column of very fine glass beads upon which was precipitated the | tos 
digest mixture in a highly dispersed state, after the basic procedure of Zahn and Stahl | at 
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effected by the use of an 8 M urea solution. After adsorption of the colored 
derivatives in the eluates on short tale-kieselguhr columns, the columns 
were washed with water, and the DNP peptides were eluted rapidly with 
ethanol-1 per cent trimethylamine (2:1) and concentrated to dryness in 
vacuo. The dry materials were stored at 0°. 

Analysis of Purified Peptides—After hydrolysis with 6 Nn HCl under the 
conditions listed in Table I, the hydrolysate (or the ether-insoluble fraction 
of the hydrolysate in the case of a DNP peptide) was taken to dryness in 
vacuo over KOH pellets. The residue was taken up in 3 cc. of water and 
dinitrophenylated and chromatographed according to Levy (17).4: ® 

The peptides as isolated in the previous section (Fig. 2) were found to 
be homogeneous by end-group analysis. Peptides A and C in Table I were 
analyzed by using the same DNP peptide (dinitrophenylated according to 
Levy (17)) for both the end-group anaylsis and amino acid residue analysis. 
Duplicate samples of Peptides B, D, and E were analyzed for their end- 
groups and amino acid content separately. 

The data in Table I (Peptide C) show that the destructive hydrolysis of 
the N-terminal DNP-aspartic acid is reflected in an increase of free aspartic 





(23). Further investigations demonstrated, however, that this method did not per- 
mit complete purification of any single peptide and was therefore abandoned. 

4 The occurrence of certain unidentified artifact spots in the Levy two-dimensional 
chromatogram encountered in these studies deserves comment. One artifact run- 
ning just slower than phenylalanine in the ‘‘toluene’”’ direction and just slower than 
leucine in the ‘‘phosphate’’ direction must be distinguished from spots due to these 
amino acids themselves. An orange-colored artifact may occur in the glycine area, 
but is usually slightly faster than glycine in the “‘toluene’”’ direction. Another or- 
ange-colored artifact may occur in the valine area, but is usually sufficiently slower 
in the “‘toluene”’ direction to allow separation. Two other artifact spots appear to 
be associated with decomposition products of e~-DNP-lysine or dinitrophenylation of 
these products. These occur in the neighborhood of bis-DNP-lysine and have a mo- 
bility in the ‘“‘phosphate”’ direction equal to that of bis-DNP-lysine, but have differ- 
ent mobilities in the ‘“‘toluene’’ direction. One of these is orange and has an Ry in 
“toluene’’ just slower than that in valine. Another is yellow and has an R, in the 
“toluene’”’ solvent between bis-DNP-histidine and DNP-leucine. Care must be 
taken not to confuse these spots with that due to bis-DNP-histidine, which moves 
slightly faster than the artifact spots in the “phosphate”’ direction. 

5 Two areas of the two-dimensional chromatograms frequently required rechroma- 
tography in the ¢ert-amyl alcohol-phthalate buffer (pH 5) system of Blackburn and 
Lowther (18), with papers soaked in dilute buffer (0.05 m) to allow sufficient migra- 
tion of DNP-aspartic acid and DNP-glutamic acid. One of these is the DNP-dicar- 
boxylie acid area as noted above. The other is that area occupied by DNP-serine, 
DNP-methionine sulfone, and DNP-threonine, when DNP-methionine sulfone is a 
constituent. In these cases, a total density figure for the complex is determined, and 
the per cent contribution due to each of the components is determined after rechroma- 
tography. This fraction of the total density is then taken as the analytical value 
rather than the absolute figure as determined by the second chromatogram. 
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TABLE I 
Amino Acid Analysis of Peptides Produced by Trypsin 


Peptides A and C were analyzed after dinitrophenylation. Peptides B, D, and 
E were analyzed as the free peptides. F = Levy factor (17) except as described in 
the text. 
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Bis-DNP- 
Lys. ...|0.9 1 
DNP-Asp. 0.7| 1 
ae 3.1/3 |1.4| 1 |15.940.5/6 |4.140.2) 4 
Re 2140.0 2|2.0/2 4.340.1/4 |3.1+0.2\3 
Bi airs nes 0.1 7.5 | 7-8 4.7 5 |3.440.4| 34 
ae 1040.1) 1/08]1 |1.0| 1 |3.6 4 |3.340.0) 3 
MetOr...... 3.2| 3 0.9+0.1| 1 
Mss seisd 0.2 + 0.1 0.1 1.240.2}1 |2.1+0.2)2 
Ala........|3.0 + 0.2) 3] 2.1| 2 3.240.1)3 | 3.7+0.3) 4 
ee 1.340.1) 1 2.340.4| 2-3 
Val 4.6 5 |3.9+0.1/4 
ON oe 1.0} 1 (o f {.7£0.1\( 
Tleu P 
Bs. 3 See 1.1+ 0.0) 1 1.0 1 | 1.0 1 
His. 1.0] 1 0.5+0.2) 19 | 1.140.2) 24 
“ee 0.740.1} 1/1.2/1 |0.8| 1 | 1.940.5 2-39] 1.8+0.3) 2-39 
ee 1.0] 1 1.60.2) 24 | 2.4+0.6 23§ 
CySO,H** 0.9} 1 4.44+0.5| 4-5|1.640.2 
Arg**...... 1140.0 1/0.9}1 |10] 1 1.00.0 1 
Total... 10 23-24 6 43-45) 36-40 








* Peptide A, average of two analyses performed on separate 6 N HCl hydrolysates 


of the DNP peptide (18 hours at 105°). The average unit residue figure, Ds¢o X P,) 


based on the average value for 1 residue, was 0.217. 


t Peptide B, single analysis of a 6 n HCl hydrolysate of the free peptide (18 hours b 


at 105°). The unit residue figure, D350 X F, based on the average value for 1 residue, 
was 0.218. 

t Peptide C, single analysis of a 6 n HCl hydrolysate of the DNP peptide (18 
hours at 105°). The unit residue figure, D360 X F', based on the average leucine and 
threonine value, was 0.796. Absolute identification of leucine was made by chroma- 
tography of an aliquot of the hydrolysate with n-butanol-water (85:15) (24). 

§ Peptide D, average of two analyses performed on separate 6 N HCl hydrolysates 
of the free peptide (22 and 70 hours at 110°), with the average deviation of the mean 
indicated. The average unit residue figure, Ds6o X F, based on phenylalanine = | 
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TaBLe I—Concluded 


residue per mole, was 0.118. Only the values obtained on the shorter hydrolysis 
have been taken for the notably labile residues (serine and threonine) and only 
those for the longer times for the amino acids which increased with longer hydrolysis 
(leucine-isoleucine and valine). 


|| Peptide E, average of four analyses performed on separate 6 n HCI hydrolysates 
of the free peptide (18 and 69 hours at 105° and 22 and 70 hours at 110°), with the 
average deviation of the mean indicated. The average unit residue figure, Dseo X 
F, based on phenylalanine = 1 residue per mole, was 0.065. Only the values obtained 
on the two shorter hydrolyses have been taken for the notably labile residues (serine 
and threonine) and only those for the longer times for the amino acids which in- 
creased with longer hydrolysis (leucine-isoleucine and valine). 

§{ The values for these amino acids, present as their mono-DNP derivatives in 


the peptide, have given erratic low values. See the text for assignment of assumed 
residues. 


** These values have been corrected for the 10 per cent chromatographic loss of 
water-soluble DNP derivatives routinely observed. 


acid in the hydrolysis mixture. The sum of these aspartic acid residues 
gives a figure of 2.1 residues of aspartic acid in Peptide C. The value for 
lysine, present as e-DNP-lysine in the peptide, gave a low value of 0.8 
mole per mole when the Levy factor, 0.64, was applied. Low values were 
encountered in most other instances involving e~-DNP-lysine, and, there- 
fore, a factor of 0.8, which would lead to a residue value of 1.0 for Peptide 
C, was taken in subsequent analyses. 

The N-terminal lysine Peptide A is clearly a 10 residue peptide. The 
value for lysine is low, despite the use of the higher analysis factor as noted 
above, indicating an unusual lability of e-DNP-lysine in this peptide. 

The analysis for the N-terminal glutamic acid Peptide B indicates the 
presence of 23 to 24 amino acid residues. The choice between 7 or 8 res- 
idues for serine cannot be made on the basis of these data. The value for 
histidine has been based on the use of the factor for histidine as given by 
Levy (17), which measures histidine as a-DNP-histidine. The imidazole 
group is difficult to dinitrophenylate in free histidine (17), in contrast to 
histidine in peptidic linkage. The histidine in these peptides is in the form 


, of imidazole-DNP-histidine. The extent of dinitrophenylation of the free 


a-amino group to give bis-DNP-histidine under the Levy conditions has 
not been investigated. Therefore, the use of this factor must be taken as 
a first approximation and is of value only in comparing the figures obtained 
for the various histidine-containing peptides. 

The N-terminal cysteic acid Peptide D appears to contain 43 to 45 res- 
idues. Rigorous analysis of peptides of this size would require several sets 
of analyses, with extrapolation to zero time hydrolysis, as used by Smith 
and Stockell (25). The approach to structure selected here does not, how- 
ever, require preliminary analyses of absolute precision, since the objective 
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of this approach has been to degrade the largest units (the protein as a first 
step) into progressively smaller specific subunits. Analyses of the smaller 
component peptides in which the analyses become unequivocal should later 
resolve the uncertainty of the analysis of the large unit. 

The approximate amino acid composition of the N-terminal glutamic 
acid Peptide E indicates that this peptide does not contain arginine and 
must have occupied a position at the C-terminal end of the ribonuclease 
molecule. Because of its size (36 to 40 residues), the exact residue num- 
ber for certain amino acids is again uncertain. The amino acids histidine, 
lysine, and tyrosine have given the most erratic values. These amino acids, 
occurring as their mono-DNP derivatives in the peptides isolated, are ap. 
parently more labile than other unsubstituted amino acid residues. Since 
low values for lysine were noted in the case of Peptide A, it is clear that 
the analyses for lysine in Peptides D and E can indicate either 2 or 3 res. 
idues. The average value of 0.5 for histidine in Peptide D, corresponding 
to 1 residue, suggests the assignment of 2 residues of histidine to Peptide 
E. These 3 histidine residues, together with the 1 residue of histidine in 
Peptide B, account for the 4 residues determined in the molecule by Hin 
et al. (2). 


Preliminary end-group and quantitative amino acid analysis of the con- 


stituent from Band VI, R, 0.39 (Fig. 2), suggests that this component rep- 
resents the unhydrolyzed sequence, Peptides D + E. The component 
from Band VI, Ry 0.22, has an aspartic acid N-terminal residue and prob- 
ably represents the unhydrolyzed sequence, Peptides C + D. 

Sequences Containing Arginine—As indicated by the kinetics of the tryp- 
sin hydrolyses discussed above, five fragments are produced during the di- 
gestion of DNP-oxidized ribonuclease in agreement with the known speci- 
ficities of trypsin. One of these, the N-terminal fragment, may be detected 
by its content of bis-DNP-lysine. A second fragment, derived from the 
C-terminal end of ribonuclease, is characterized by its lack of arginine. 
To enable the positioning of these two peptides with respect to the remain- 
ing three requires the determination of the amino acid sequences involving 
3 of the 4 arginine residues. 

Acid Hydrolysis—As one approach to this problem, partial acid hydrol- 
ysates of native ribonuclease were prepared by incubation, at 37°, in 114 
N HCl for 48 hours. After removal of HCl by repeated evaporation in 
vacuo the total digest was treated with DNFB according to Sanger (15), 
Excess reagent, dinitrophenol, dinitroaniline, and dinitrophenylated amin¢ 
acids or small peptides not containing arginine were removed by ether ex- 
traction from the alkaline solution and after acidification. The DNP pep 
tides insoluble in ether were then extracted into n-butanol and the solvent 
was removed in vacuo as rapidly as possible to avoid esterification. The 
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resulting mixture was streaked on Whatman No. 3 filter paper and sub- 
jected to ionophoresis at pH 3.7 in pyridine-acetic acid buffer according to 
Michl (21). At this pH the free carboxyl groups of aspartic and glutamic 
acids are only partially ionized and consequently those DNP peptides con- 
taining arginine should move towards the negative electrode. As shown 
in Fig. 3, four main bands were obtained along with several minor bands 
which were not eluted. Bands A, B, C, and D were eluted with water, 


a B Cc D 





A 
zZ 
@o S) 
ax 
oO 
B er Ce ey 


A2 











Fic. 3. Isolation of arginine-containing peptides from partial acid hydrolysates 
of ribonuclease. A, electrophoresis (21); B, subsequent filter paper chromatography 
(sec-butanol-3 per cent NH;) of electrophoretic bands. 


streaked on Whatman No. 3 filter paper, and chromatographed in the de- 
scending direction with sec-butanol-3 per cent NH;. As shown in Fig. 3, 
each of the ionophoretic bands divided into several components. The ma- 
jor components were eluted with 6 N HCl and hydrolyzed overnight in 
sealed tubes at 105°. The terminal amino acid of each component (except 
Component B, which was not studied) was determined by two-dimensional 
chromatography of the ether-soluble material according to Levy (17). 
These chromatograms resulted in unequivocal identification and showed in 
each case only single end-groups. The aqueous portion of each hydrolysate 
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was evaporated in vacuo to remove HCl and the qualitative amino acid 
composition was determined by two-dimensional chromatography with 80 
per cent phenol-1 per cent ammonia-coal gas in one dimension and butanol- 
acetic acid-water (4:1:5) in the second. 

Fig. 4 summarizes the results of these experiments. As shown, peptides 
of increasing basicity were found closest to the negative electrode of the 
ionophoresis strips. 

The acid hydrolysis studies account for two of the four arginine sequences 
of ribonuclease, as discussed in the section below on the reconstruction of 
the ribonuclease chain. The remaining two sequences were undoubtedly 
carried down in the large precipitate which remained insoluble in butanol 
following dinitrophenylation of the partial acid hydrolysates. Examina- 
tion of the amino acid composition of the other chromatographic species 





® COMPOSITION PROBABLE 
ORIGIN SEQUENCE 
DNP-ASP[ARG, GLU] [-ASP-ARG-GLU]- 
DNP-ARG [GLU] [-ARG-GLU]- 


DNP-SER [ASP, ARG, LEU] | [-SER-ARG-ASP-LEU] 


DNP-SER [ARG] [-SER-ARG-] 














Fic. 4. The N-terminal amino acids and compositions of the arginine-containing 
peptides isolated as shown in Fig. 3. 


shown in Fig. 3 indicated that they represented further hydrolysis products 
of the peptides listed in Fig. 4. 


Pepsin Digestion—Attempts were made to isolate other arginine-contain- | 
ing sequences from pepsin digests of oxidized ribonuclease. A 1 per cent | 
solution of the oxidized protein in 0.01 N HCl was incubated for 15 hours | 





— 


Er: 





at 37° in the presence of 0.01 per cent crystalline pepsin. The solution | 


was taken to dryness in vacuo. Aliquots were applied to Whatman No. 3 
paper and subjected to ionophoresis (4 hours, 1500 volts) at pH 3.7 as de- 


scribed above (21). The pattern of ninhydrin-positive material and the © 


aE THE 


location of Sakaguchi-positive components indicated the presence of four | 


electropositive zones containing arginine. The most electropositive zone, 
which gave the strongest Sakaguchi test for arginine, was eluted with wa- 
ter, evaporated to dryness to remove pyridine acetate, and reapplied to 
Whatman No. 3 paper for a second ionophoresis (4 hours, 1500 volts) at 
pH 6.8 with the same buffer components. Five major subfractions (all 
migrating towards the negative electrode) were well separated and con- 
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acid tained arginine as indicated by a positive Sakaguchi test. These were 
th 80 eluted and analyzed qualitatively, after hydrolysis, by two-dimensional 
anol- paper chromatography. These preliminary chromatograms indicated a 
rather complex composition for all but the least electropositive component. 
tides Small aliquots of the latter peptide were rerun at pH 3.7 and at 6.8 and 
f the appeared homogeneous under both conditions. 
Acid hydrolysis of an aliquot of this peptide, followed by two-dimensional 
ences chromatography in the phenol-butanol-acetic acid system as used above, 
on of indicated the presence of the following: (Asp, Arg, Glu, Ala, Thr, MetOz, 
tedly | His, Ser2;). The presence of 2 to 3 equivalents of serine and of 2 equiva- 


tanol | lents of glutamic acid per mole was suggested by the comparison with con- 
mina- trol chromatograms with differing mole ratios of the various amino acids 
necies found in the preliminary analysis of the fragment. The peptide was treated 


with DNFB according to Sanger (15) and, after extraction with ether at 
both alkaline and acid pH to remove excess reagent and soluble contami- 
nants, the yellow reaction mixture was taken to dryness. The DNP pep- 
tide was removed from the major portion of the salt by extraction of the 
dry residue with glacial acetic acid, followed by rapid evaporation. Hy- 
drolysis with HCl, followed by chromatography (17) as described above, 
yielded DNP-glutamic acid as the only end-group. The aqueous solution 
' after removal of the end-group with ether contained all the amino acids 
found above. 
' Samples of the DNFB-treated peptide (1 umole on the basis of quan- 
titative end-group analysis (17)) prepared as described above were dis- 
taining | solved in 0.5 ml. of phosphate buffer, pH 8.0, ionic strength 0.15, and 
_ digested with trypsin, which was present at a level of 0.4 per cent. After 
' incubation at 37° overnight, the solution was acidified to about pH 2 
oducts | 2nd extracted with butanol. The butanol extract was washed twice with 
small amounts of water and the butanol phase was taken to dryness and 
yntain- | hydrolyzed overnight in concentrated HCl at 105°. The end-group was 
.r cent | determined by chromatography as above and proved to be DNP-glu- 
hours | tamic acid. The aqueous phase contained only arginine. These find- 
slution ings indicate that the partial structure of the peptide must be 
No.3 -Glu.Arg.Glu.(Asp,Ala,Thr,MetOo,His,Ser23), since arginine must be fol- 
as de- : lowed either by a cysteic acid or by a dicarboxylic amino acid according 
nd the | to the trypsin digestion data described above and since the sequence, 
of four | -Arg-Asp, has already been shown to occur in another area of the protein 
» zone, |) (Fig. 4 and Table IT). 
th wa- The experiments above establish the presence in ribonuclease of the fol- 
lied to lowing arginine-containing sequences: .Ser(Arg,Asp,Leu), Asp.(Glu,Arg), 
sIts) at and Glu.Arg.Glu.(Asp,Met,His,Ser23,Ala,Thr). 
ns (all Sequence Studies; N-Terminal Aspartic Acid Peptide C—The amino acid 
.\d con- | sequence of the N-terminal aspartic acid hexapeptide was determined as 
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follows: The peptide was eluted from the electrophoretic strips and dini- 
trophenylated (17). The material was concentrated to dryness in vacuo 
and subjected to partial acid hydrolysis in 11 N HCl at 37° for 16 hours. 
After dilution with water, the solution was extracted five times with half 
volumes of ether, and the combined extracts were evaporated to dryness. 
The solution was then extracted three times with ethyl acetate, and the 
extracts were back-washed with wate.. The combined ethyl acetate ex- 


TaBLe II 


Sequence Data for N-Terminal Aspartic Acid Peptide C 








Electrophor- Distance Relative 


\Free amino acid residues Composition 
































DNP-amino acid 
etic zone migrated color residue 
N-Terminal end of Peptide C 
cm. | 
1 +23.5 1+ DNP-Asp 0 DNP-Asp 
3 +18.0 2+ 3 Leu | DNP-Asp.Leu 
3 +15.0 Dinitrophenol 0 
4 +11.0 1+ DNP-Asp 0 DNP-Asp- 
NH.* 
5 +7.5 2+ Leu | DNP-Asp- 
NH:2.Leu* 
C-Terminal end of Peptide C 
er : = 
1 —4.5 | 2+ |DNP-Arg | 0 | DNP-Arg 
2 -1.0 | 14+ | DNP-Thr ag — DNP-Thr- 
ities (Lys, Asp.- 
| Arg) 
3 +1.5 1+ DNP-Asp Arg | DNP-Asp.Arg 
| 














* Zones 1 and 4 and Zones 2 and 5 had the same composition after complete hy- 
drolyses. The pairs of zones which migrated more slowly towards the anode must, 
therefore, have been in their amide forms. 


tracts were evaporated to dryness. Both the ether and ethyl acetate ex- 
tracts were subjected to paper electrophoresis in 0.03 m phosphate buffer, 
pH 7.0, at 230 volts, 10 ma., for 7 hours. The yellow, electrophoretically 
separated zones were eluted, desalted on a talc-kieselguhr column as de- 
scribed above, and hydrolyzed for 18 hours at 105° in sealed tubes. The 
hydrolysates were extracted with ether and chromatographed. The aque- 
ous fractions were concentrated to dryness and chromatographed for free 
amino acids (26). The results giving the sequence at the N-terminal end 
of Peptide C are summarized in Table IT. 

The aqueous portion of the partial acid hydrolysate was concentrated to 
dryness and dinitrophenylated. The solution was then extracted with 
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ether, acidified, and reextracted with ether and ethyl acetate as above. 
The material remaining in the aqueous solution, representing a-DNP-ar- 
ginine and peptides involving arginine, was concentrated to dryness and 
subjected to paper electrophoresis as above. The yellow electrophoretic 
zones were eluted, desalted, and hydrolyzed with 6 Nn HCl at 105° for 18 
hours. Each of these hydrolysates was then extracted with ether and an- 
alyzed for its N-terminal DNP-amino acids (17). The aqueous solution 
was analyzed for free amino acids (27). The results, giving the sequence 
at the C-terminal end of Peptide C, are summarized in Table II. 

The sequence of Peptide C can thus be written as AspNH_.Leu.Thr.Lys.- 
Asp.Arg. 

N-Terminal Lysine Peptide A—A 1 per cent solution of Peptide A (ap- 
proximately 0.5 umole) in phosphate buffer, pH 7.9, ionic strength 0.16, 
was digested for 17 hours at 25° in the presence of 0.01 per cent chymo- 
trypsin (1 per cent relative to substrate). The total digest was dinitro- 
phenylated (17). After extraction of the excess reagent and evaporation 
to dryness, the residue was dissolved and subjected to paper electrophoresis 
in 0.033 m phosphate buffer, pH 7.01, as above. The two darkest zones 
were eluted, desalted, and chromatographed on paper with methyl] ethyl 
ketone-propionic acid-water (75:25:30) (27). The eluted zones were hy- 
drolyzed with 6 n HCl for 18 hours at 105° in sealed tubes. After ether 
extraction of the diluted hydrolysates, the DNP-amino acid end-groups 
were identified by paper chromatography (17, 18). The aqueous fractions 
were evaporated to dryness in vacuo, and aliquots were taken for free amino 
acid chromatography (26) and analysis according to Levy (17). The fol- 
lowing peptides were characterized: a peptide migrating +6.3 cm. upon 
electrophoresis, and chromatographing with an R, 0.77, was shown to be 
DNP-Glu.Arg; a peptide migrating +17.5 em. upon electrophoresis, and 
chromatographing with an Ry 0.95, had the amino acid composition bis- 
DNP-Lys.(Glu,Thr,Ala;,e-DNP-Lys).Phe. In the latter peptide, phenyl- 
alanine is placed outside the parenthesis at the C-terminal end of this 
peptide in accordance with the known specificity of chymotrypsin. The 
N-terminal sequence has been previously determined (1) as Lys.Glu.Thr.- 
Ala. The sequence of Peptide A, occupying the N-terminal position in ri- 
bonuclease, can thus be written as Lys.Glu.Thr.Ala.(Alao,Lys).Phe.Glu.Arg. 
A peptide with this same composition can be constructed from data ob- 
tained on trypsin hydrolysates of oxidized ribonuclease by Hirs, Stein, and 
Moore (28). 


Other Peptide Fragments 


During the course of chymotrypsin digestion studies on the large trypsin- 
produced peptides described above, and from preliminary experiments on 
the nature of the disulfide bridges of ribonuclease, a considerable number 








400 STRUCTURE OF RIBONUCLEASE. II 


of peptide fragments have been isolated and analyzed. Two of these are 
of immediate interest in the partial reconstruction of the ribonuclease mole- 
cule as presented in a later section of this paper. A peptide liberated by 
chymotrypsin was isolated by filter paper electrophoresis and paper chro- 
matography of digests of the peptide designated Peptide D. Its quantita- 
tive composition -Ser.(Leu or Ileu,Thr,CySO;H,Asp).Arg. was estab- 
lished by two-dimensional chromatography by the method of Levy for 
hydrolysates of the electrophoretic zone in question. The serine end-group 
was determined by the usual procedure (17). 

The cysteic acid-containing peptide (CySO;H,Asp,Arg,Glu,Gly,Ser) 
was isolated as part of a disulfide “bridge” from subtilisin digests of ribo- 
nuclease, by electrophoresis according to Michl, and analyzed by two-di- 
mensional chromatography (26) after rupture of the disulfide linkage with 
performic acid. 

As indicated in the reconstruction given in the section below, the amino 
acid composition of these fragments permits the subdivision of some of the 
large trypsin-produced fragments into smaller groups of residues. 

C-Terminal Sequence—The data permitting the reconstruction of the 
C-terminal sequence of ribonuclease are summarized below. Digestion 
with carboxypeptidase had earlier established the presence in ribonuclease 
of valine as the C-terminal residue (1, 29). Other residues were released 
during prolonged digestion. In later studies (unpublished data of Anfinsen 
and Richards), it was found that longer digestions with another more thor- 
oughly diisopropyl fluorophosphate-treated carboxypeptidase preparation 
yielded the amino acids serine and alanine in addition to valine, suggesting 
the presence at the end of the chain of the grouping -(Ala,Ser).Val. Hy- 
drazinolysis according to Ohno (30) has confirmed the presence of valine 
as the C-terminal residue. In unpublished experiments by Niu and 
Fraenkel-Conrat (31), partial hydrazinolysis was found to release, in addi- 
tion to valine, the peptide -Ser.Val. Finally, limited pepsin digestion of 
native ribonuclease results in the quantitative liberation of the tetrapep- 
tide -Asp.Ala.Ser.Val. The sequence of this peptide was established by 
subjecting the DNP peptide to partial acid hydrolysis. DN P-aspartic 
acid and DNP-aspartylalanine were isolated from the ether extract of the 
hydrolysate. The dipeptide DNP-serylvaline was isolated from the aque- 
ous portion following a second treatment with DNFB. The presence of 
this tetrapeptide as the C-terminal grouping in ribonuclease is thus 
strongly inferred from the combined data above. 


Partial Reconstruction of Ribonuclease Chain 


Point 1—Ribonuclease contains, as its N-terminal sequence, the group- 
ing Lys.Glu.Thr.Ala- (1) and, as its C-terminal sequence, -Asp.Ala.Ser. Val. 
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Point 2—Trypsin digestion of dinitrophenylated, oxidized ribonuclease 
leads to the production of five fragments labeled Peptides A, B, C, D, and 
E. These peptides contain the N-terminal and C-terminal amino acid res- 
idues and the amino acid groupings indicated in Fig. 5. The C-terminal 
sequence indicated for Peptide D is based on the isolation, described above, 
of the C-terminal arginine sequence from chymotrypsin digests of Peptide 
D. 

Point 3—In view of the end-group studies, the N-terminal lysine Peptide 
A is assignable to the N-terminal position of ribonuclease. 

Point 4—Peptide E, since it lacks arginine, must be assigned to the C-ter- 
minal end of ribonuclease. 

Point 5—The proper relative alignment of the five trypsin fragments 
below is dependent on knowledge of the structure of the arginine-contain- 
ing sequences which form the “bridges” between them. Three relatively 
small arginine-containing “bridges”? have been isolated from acid and pep- 
sin hydrolysates of ribonuclease. These “bridges” are (1) -Ser(Arg,Asp, 


Peptide Schematic Structure 
A RR RRE RIND, cine es hes kG a dak ts see awe Glu.Arg 
B | er ere ts a eee ere SLES Arg 
C Asp.Leu.Thr.Lys.Asp.Arg 
D CyS0O;H...........Ser.(Leu or Ileu),Thr,CySO;H,Asp).Arg 
E SRR Aerere y eee' cit teptine s retry Aae .Asp.Ala.Ser.Val 


Fic. 5. Partial structures of peptides produced during trypsin digestion of DNP- 
oxidized ribonuclease. 


Leu), (2) Asp.(Glu,Arg)-, and (3) -Glu.Arg.Glu.(Asp,Met,Ala,His,Thr, 
Sere). 

Point 6-—‘Bridge” (3) contains methionine. The carboxyl group of the 
arginine residue in “‘bridge”’ (3) must join either Peptide B or E, since only 
these two are N-terminal glutamic acid peptides. Since, according to the 
analyses given earlier, Peptide E is devoid of methionine, arginine “bridge” 
(3) must constitute a juncture between Peptide B, on the right, with an- 
other of the major trypsin fragments on the left of arginine. Further, this 
latter peptide must have as its C-terminal sequence -Glu.Arg. 

Point 7—As shown in Fig. 5, neither Peptide C nor Peptide D obeys 
this restriction. It may therefore be concluded that Peptide B is preceded 
by Peptide A and we may write the tentative arrangement A-B-(D,C)-E. 

Point 8—Arginine “bridge” (1) could have the following alternative 
structures: (1) Ser.Arg.Asp.Leu., (2) .Ser.Asp.Leu.Arg., (3) .Ser.Leu.Asp. 
Arg., or (4) .Ser.Asp.Arg.Leu. Structure (4) may be eliminated, since 
arginine must be followed by cysteic acid or by a dicarboxylic amino acid 
(Fig. 1). The arrangements indicated in structures (2) and (3), in which 
arginine is C-terminal, could occur only at the C-terminal end of Peptide 
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B (Fig. 5). Since (Table I) Peptide B does not contain leucine, structures 
(2) and (3) are impossible. The sequence of arginine “bridge” (1) must 
thus be Ser.Arg.Asp.Leu, as indicated in structure (1). 

The isolation of the arginine “bridge,” -Ser.Arg.Asp.Leu., together with 
the complete sequence of Peptide C, Asp.Leu.Thr.Lys.Asp.Arg, establishes 
the structure -Ser.Arg.Asp.Leu.Thr.Lys.Asp.Arg-, since the sequence, 
-Arg.Asp-, can occur only once in ribonuclease (only one N-terminal as- 
partic acid end-group is formed during trypsin digestion). 

Point 9—Therefore, Peptide C cannot follow Peptide D, since the C-ter- 
minal sequence of Peptide D (see Fig. 5) is incompatible with the arrange- 
ment of amino acids in Point 8. (There is no serine in juxtaposition to 
arginine in Peptide D.) 

Point 10—Since Peptide C cannot follow Peptide D, it must precede it. 
The correct arrangement is, therefore, A-B-C-D-E. 


Lys .Glu.Thr.Ala.(Alaz, Lys)Phe .Glu.Arg.Glu. (Asp , Thr , Ser; , Met , His, Ala). 
(Ala ,Cys-,Tyr ,Ser3-4, Lys, Met2,Glu, Asp2).Ser.Arg.Asp.Leu,Thr.Lys.Asp.Arg. 
Cys-.(Asp, Val, Pro, Phe, (Thr, *Lys))(Asp;,Glu,,Ser,, Thre, Met ,Gly , Alas, Val, 
His , Lysi-2, Tyre, Cys-2-3.Ser) . ((Leu or Ileu) , Thr) .Cys-.Asp.Arg.Glu. (Gly , Ser). 
(Asps , Glug ’ Ser1-2 ’ Thr; ’ Alas , Pros-3 ’ Val; ’ Gly ’ (Leu + Tleu) ’ Phe ’ His ’ Lyso-3 ’ 
Tyre-3, Cys-2).Asp.Ala.Ser.Val 


Fig. 6. Partial reconstruction of the peptide chain of ribonuclease. +, as dis- 
cussed in the text (Point 11 under “Partial reconstruction of ribonuclease chain’’) 
Thr and Lys may also be included within this group of amino acids. This latter ar- 
rangement is compatible with the data of Hirs, Stein, and Moore (82). 


Point 11—The large peptide (Lys,Asp2,Arg,CySO;H,Val,Pro,Thr,Phe) 
described earlier, containing phenylalanine and arginine but no glutamic 
acid, may be included in the considerations as follows: 

There are 3 phenylalanine residues in ribonuclease, 1 in each of Peptides 
A, D, and E (see Table I). The phenylalanine residues in Peptides A and 
E can only exist in a sequence together with arginine, if the sequence also 
includes glutamic acid (Fig. 5). The peptide (Lys,Asp2,Arg,CySO;H, Val,- 
Pro,Thr,Phe) must therefore be a part of Peptide D and must include the 
arginine “bridge” between Peptides C and D. This bridge may then be 
extended as follows: .(Thr,Lys,((-Asp.Arg.CySO;H-).(Val,Pro,Phe,Asp))), 
where the position of the threonine and lysine residues cannot be fixed 
with respect to the two groups of residues in parentheses since these 2 
residues could derive from either Peptide C or D. 

Point 12—Glycine occurs only in Peptides D and E. In view of the 
nature of the arginine “bridge” between Peptides C and D (Point 11), 
which rules out the occurrence of glycine within 5 residues of arginine, the 
glycine-containing peptide (CySO;H,Asp,Arg,Glu,Gly,Ser) must occur at 
the bridge between Peptides D and E. This grouping may be further sub- 
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divided, in view of the C-terminal sequence of Peptide D (Fig. 5) as fol- 
lows: .(CySO;H,((.Asp.Arg.Glu).(Gly,Ser))). 

Point 13—On the basis of the points listed above, and the analyses listed 
in Table I, we may partially reconstruct the ribonuclease chain as shown 
in Fig. 6. 


SUMMARY 


The partially reconstructed formula for ribonuclease presented in this 
paper summarizes a large part of the results of our structure studies to 
date. The object of the present communication has also been to report 
on the feasibility and relative simplicity of the approach to structure deter- 
mination which we have chosen. 

The relatively incomplete structure given here already makes possible 
certain general observations concerning basic features of the enzyme. 
Most interesting, perhaps, is the amino acid composition of the C-terminal 
portion of the molecule which apparently contains 3 of the 4 (32) proline 
residues and 2 of the 4 histidine residues present in the protein. In view 
of the inactivation of ribonuclease brought about by photooxidation of his- 
tidine (33) and because of other studies (34, 35) suggesting that the active 
center of ribonuclease is located near the C-terminal end of the chain, these 
observations take on special interest in connection with further investiga- 
tions now in progress on the structural basis of the catalytic action of ribo- 
nuclease. 

The approach to the elucidation of protein structure employed in these 
studies involves certain features which might become of particular advan- 
tage when larger proteins (having molecular weights of 30,000 or greater) 
are investigated. The specificity of trypsin, combined with the relative 
ease of isolation of arginine ‘“‘bridges” for aligning trypsin fragments, makes 
it likely that any protein containing reasonable quantities of arginine may 
be susceptible to this general method. The present studies indicate that 
the separation of relatively large fragments, though rich in both dinitro- 
phenyl groups and in cysteic acid residues, offers no great difficulty when 
the techniques of electrophoresis in urea solutions and of chromatography 
in proper solvents are applied. 


In concluding this preliminary report we would like to join Hirs, Stein, 
and Moore (32) in expressing our gratification over the valuable interchange 
of information which has taken place during the structural work by their 
group and ourselves. Although the present reconstruction of the ribonu- 
clease molecule has purposely been made without reference to the Rocke- 
feller Institute contributions, it is important to observe that overlapping 
and consistent conclusions may be drawn from both sets of data. Thanks 
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are due Dr. Fred Sanger for his generous liospitality and assistance to one 
of us (C. B. A.) during the summer of 1954 at the Department of Biochem- 
istry, University of Cambridge, Cambridge, England. 
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THE LIMITED DIGESTION OF RIBONUCLEASE 
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Until very recently, biochemists have contemplated the problem of the 
mechanism of enzyme action with understandable awe in view of the enor- 
mous complexity of protein structure and because of a well entrenched 
assumption that enzymatic activity is dependent upon an integrated sys- 
tem of electron transfers and rearrangements (1-4) governed by the intact 
covalent and secondary structure of the molecule. Recently, however, the 
view has begun to emerge that the phenomenon of enzyme action may, in 
fact, be dependent upon structural areas, within protein molecules, of rela- 
tive simplicity. For example, it has been shown that portions of various 
biologically active protein chains can be removed or modified by proteo- 
lytic digestion without impairment of function (5-12). 

It has also been possible to examine, in a fairly direct way, the effect on 
enzyme activity of denaturing agents which cause changes in organized 
secondary structure. Studies by Steinhardt (13) on pepsin, and by Ot- 
tesen (personal communication) on subtilisin have shown that these en- 
zymes are fully active when assayed in solutions containing urea at high 
levels. It has also been found that ribonuclease retains its full enzymatic 
activity under conditions in which the ordinarily highly compact form of 
the protein is extensively disoriented by 8 m urea (14). Rupture of the 
disulfide bridges by performic oxidation yields a derivative without enzy- 
matic activity (15), although the degree of structural disorientation of the 
oxidized molecule is not much greater than that of the active urea-unfolded 
molecule described above (14). The necessity for restricting cross-linkages 
in catalysis is thus strongly inferred. 

In earlier studies on the action of pepsin on ribonuclease (16), evidence 
was obtained suggesting that an initial product was produced differing 
only very slightly from the native molecule both in size and shape. The 
progress of this reaction has now been examined in greater detail and it has 
been possible to isolate and characterize partially an inactive derivative, 
differing only slightly from native ribonuclease. The nature of that deriv- 
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ative and of the fragments released from ribonuclease during the pepsin 
digestion, considered together with the earlier data on urea, permits the 
conclusion that the catalytic activity of the enzyme is attributable to a 
relatively small portion of the ribonuclease chain and that this portion, 
located near the C-terminal end of the molecule, may be protected and 
stabilized in urea solutions either by the presence of disulfide bridging or 
by particularly strong, urea-insensitive, hydrogen bonds. 
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Fic. 1. Chromatography of 10 mg. samples of native and pepsin-digested ribonu- 
clease on IRC-50 columns. Eluting buffer, phosphate, 0.2 m, pH 6.45. Digestion 
conditions, ribonuclease, 0.92 per cent; pepsin, 0.002 per cent; 37°, pH. 1.8. Remain- 
ing ribonuclease activity, A, 100 per cent; B, 60 per cent (5 minutes) ; C, 40 per cent 
(10 minutes); D, 15 per cent (16 minutes). @, enzyme activity (15); O, protein con- 
centration. The peak at 18 to 19 effluent ml. is a ninhydrin-negative artifact, arising 
from the resin itself. 


EXPERIMENTAL 


In preliminary experiments, a 0.92 per cent solution of ribonuclease 
(Armour, three times recrystallized) in dilute HCl (pH 1.8) was digested 
for varying periods of time at 37° with pepsin (crystalline). The pepsin 
was used at a concentration of 0.002 per cent. Activity determinations 
(15) were made on samples of the digestion mixture taken during the prog- 
ress of the reaction (digestion being stopped by addition of phosphate 
buffer, pH 6.8). 

A series of identical columns (17) (pH 6.45, 30 X 0.9 em., XE-64 resin) 
was employed to compare the chromatographic behavior of aliquots of the 
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digest taken at 5, 10, and 16 minutes after the addition of pepsin with that 
of an initial undigested sample. Chromatography was carried out at 5°. 
The results of these experiments are summarized in Fig. 1. The curves 
show the progressive appearance of an enzymatically inactive component 
in the samples taken at 5 and 10 minutes. The increasing complexities of 
the chromatographic patterns for the 10 and 16 minute samples indicate 
the occurrence of further proteolytic modification at the expense of both 
the active enzyme and the primary inactive derivative. 

Isolation and Physical Characterization of Major Inactive Component—In 
a large scale experiment, 200 mg. of ribonuclease were digested for 10 min- 
utes under the conditions described above. The digest was chromato- 
graphed at a slow rate (5 ml. per tube, two tubes per hour) on a larger col- 
umn of XE-64 (6 X 40 cm.) at pH 6.45, 5°, to permit good separation of 
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Fig. 2. Large scale chromatography of pepsin digest of ribonuclease (see the text 
for details). 


the major inactive component from the secondary products of greater affin- 
ity for the resin. The results of this chromatogram are shown in Fig. 2. 
The contents of the tubes indicated in Fig. 2 were pooled and dialyzed 
against water to remove phosphate buffer and lyophilized. In this manner, 
81 mg. of native ribonuclease and 100 mg. of the inactive material were 
obtained for subsequent study. 

Sedimentation and Viscosity Characteristics—From previous investiga- 
tions outlines in a rough way of the general size and shape characteristics 
of native and of performic acid-oxidized ribonuclease have been obtained 
(15). More recently, Harrington and Schellman have greatly extended 
these observations and, among other studies, have carefully examined the 
concentration dependence of the sedimentation and viscosity constants of 
both the native and oxidized molecules (18). By using these careful ob- 
servations as background (see the “theoretical” lines in Fig. 3), compari- 
sons have been made of the inactive component isolated above, both in the 
“native” and in the oxidized forms, with native and oxidized ribonuclease. 
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The points on the curves in Fig. 3 indicate, first, that the unoxidized inac- 
tive material is ultracentrifugally indistinguishable from native ribonucle- 
ase and, second, that, after oxidation, the inactive material shows less con- 
centration dependence than the native enzyme, although the extrapolated 
value at infinite dilution is the same for both. 

The intrinsic viscosity of the inactive substance was, within experimental 
error, identical with that of the native enzyme (3.3 to 3.9) and, like the 
latter, showed no variation with concentration. The reduced viscosity (1 
per cent) of the oxidized inactive derivative (10.3) was slightly less than 
that of the oxidized native enzyme (12.3). 




































| ' ! | i a T 
2.2 
2.0+ NATIVE RNASE OXIDIZED e ww 100 7100 
DERIVATIVE _ =< 3 
ow 1.8 ® 4 25 80 + 80 
ro 0CtC«*‘GL ; . 60+ -|60 
1.6 r 7 us 2 40 +40 
pe | RNASE i aa" © ACTIVITY {20 
1.2 ! I ! ! I ! SF o +0 
ie 0.50 1.00 1.50 a tad 6 ; _ = — a 
PERCENT CONCENTRATION MINUTES OF DIGESTION 
Fig. 3 Fic. 4 


Fic. 3. Sedimentation studies. Native ribonuclease, upper curve (18); inactive 
derivative isolated from pepsin digestion, points along upper curve; oxidized ribonu- 
clease, lower curve (18); oxidized derivative, middle curve. All runs made in Spinco 
model E ultracentrifuge. 

Fic. 4. Production of the peptide, Asp.Ala.Ser.Val, and loss in enzyme activity 
during digestion of ribonuclease with pepsin (incubation conditions as in Fig. 1). 


Although no final conclusions can be drawn concerning the comparative 
molecular weights of the native and inactive material without further in- 
formation about such factors as the extent and distribution of hydration, 
the above studies indicate a high degree of similarity and furnish the first 
suggestion as to the rather slight nature of the proteolysis involved in 
the initial inactivating cleavage by pepsin. They further show that cleav- 
age must have occurred at a point not far removed from one or the other end 
of the single chain of ribonuclease. 

Paper Chromatography—By paper chromatography (in butanol-acetic 
acid-water, 4:1:5) and by filter paper electrophoresis at pH 6.0 (19) of 
samples of a digestion mixture taken after different time periods, it was 
found that a peptide was released in progressively larger amounts. Upon 
hydrolysis, after elution from the chromatograms or electrophoresis strips, 
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ac- the peptide was shown to contain aspartic acid, alanine, serine, and valine. 
‘le- This peptide, isolated earlier from more complete digests of ribonuclease, 
on- | has been shown to have the sequence Asp.Ala.Ser.Val' (20). Since pre- 
ted ~=©=-—Ss vious studies ((20), and personal communication from Fraenkel-Conrat) 


have shown that the C-terminal sequence of ribonuclease is almost cer- 
tal tainly -Ala.Ser.Val, it may be concluded that an early event during the 


the | pepsin digestion of ribonuclease is the removal from the parent molecule 
‘(1 | of the above tetrapeptide from the C-terminal end of the chain. 
1an Experiments were performed to relate the rate of appearance of the 


. tetrapeptide fragment to the rate at which enzyme activity disappeared 
; during pepsin treatment. The results of such studies are shown in Fig. 4. 
_ The rate of peptide production parallels, closely, the loss in activity. In 
_ these experiments, aliquots of digestion mixture were chromatographed in 
700%) the butanol-acetic acid solvent system above on Whatman No. | filter paper 
in the descending direction. After location of the position of the peptide 
by ninhydrin treatment of guide spots, the experimental areas were cut out 
and the amount of ninhydrin-reacting material on the entire segment of 
paper was determined by the method of Cocking and Yemm (21). Control 
areas of paper were run concomitantly. The “leucine color equivalence”’ 
of the peptide was determined on samples before and after acid hydrolysis 
and in turn compared with leucine standards which had been chromato- 
graphed on the same papers for recovery control (leucine recovery ranged 
’ from 95 to 100 per cent). By using the correction factors thus obtained, 
i 90 it can be calculated that the appearance of the peptide is quantitatively 
rl as well as qualitatively correlated with activity loss. 
These results suggest either that the loss of the tetrapeptide is alone 
vity sufficient to produce inactivation, or that the rate of cleavage of the bond 
). by which this peptide is attached to the parent molecule is equaled by the 
rate of cleavage or modification of one or more other bonds in the ribonu- 
clease structure which are responsible for loss in activity. 
dedi Determination of N-Terminal Amino Acids—Samples (both before and 
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‘ion, after performic acid oxidation) of the inactive ribonuclease derivative 
Py (Fig. 2), and of control samples of native ribonuclease, were subjected to 
in 


treatment with DNFB according to Sanger (22) and also by the general 
leav- procedure of Levy (23). With both methods only bis-DNP-lysine was 


end found in subsequent two-dimensional chromatograms (23). The recovery 
6 of this end-group, after correction for destruction during acid hydrolysis, 
cetic 
)) of 1 The following abbreviations are used in this and the accompanying paper: Asp, 
; aspartic acid; Ala, alanine; Val, valine; DNFB, dinitrofluorobenzene; DNP, dinitro- 
Dest phenyl; CySO;H, cysteic acid; Lys, lysine; Glu, glutamic acid; Thr, threonine; Phe, 
Jpon 


phenylalanine; Arg, arginine; Ser, serine; Met, methionine; His, histidine; Tyr, tyro- 
rips, sine; Leu, leucine; Pro, proline; Gly, glycine; Leu, isoleucine. 
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was from 70 to 90 per cent of theoretical. Smaller amounts (less than 10 
per cent of theoretical) of other end-groups (Ser, CySO;H) were always 
present in the inactive component but are probably attributable to macro- 
molecular contaminants in the chromatographic component under study 
(see Fig. 2) which were produced during pepsin digestion. The end-group 
experiments suggest that the process of inactivation by limited peptic 
digestion is not due to cleavage of the ribonuclease chain at any point near 
the N-terminal end. Similar results have been obtained by using the 
phenylthiohydantoin technique of Edman (24). 


DISCUSSION 


The “active center” of ribonuclease appears to involve only a relatively 
small portion of its covalent structure, in view of the urea denaturation 
studies reported earlier (14). The last few residues at the C-terminal end 
of the chain (-Ala.Ser.Val) are, apparently, not obligatory in catalysis, as 
indicated by carboxypeptidase studies ((25) and unpublished results from 
Anfinsen and Richards). As shown by the experiments of Richards (12), 
a proteolytic cleavage with subtilisin does not affect activity. Activity is, 
however, completely abolished by oxidation of the disulfide bridges. The 
present results with pepsin introduce the following additional factors into 
the consideration of the chemical nature of the active center: (a) A C-ter- 
minal tetrapeptide, -Asp.Ala.Ser.Val, is removed during inactivation and 
its rate of appearance parallels the rate of inactivation. (b) The inacti- 
vated ribonuclease molecule has viscosity and sedimentation characteristics 
very similar to those of the native molecule, both before and after oxida- 
tion of disulfide bridges. (c) No new N-terminal amino acid residues can 
be detected in significant amounts in the inactive compound. 

The combined available information would suggest that the aspartic 
acid residue, located four positions from the C-terminal residue, may be 
involved in the catalytic center of ribonuclease. However, since photo- 
oxidation studies (26) have shown that a histidine residue is probably also 
involved (suggested also by the studies of Kalnitsky and Rogers (27)), it is 
likely that loss of the aspartic acid-containing tetrapeptide represents only 
one of a number of possible simple inactivating procedures and that enzyme 
activity requires the organized participation of a constellation of amino 
acid residues. It should be emphasized here that 2 of the 4 histidine resi- 
dues in ribonuclease are located in the last one-fifth of its polypeptide chain 
(20, 28). 

According to thermodynamic considerations by Schellman (29, 30) and 
by Kauzmann (31), a non-cross-linked peptide chain of the length probably 
present at the C-terminal end of ribonuclease (about 15 residues) would not 
be likely to exist in an intrinsically stable, hydrogen-bonded form. The 
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earlier urea studies, therefore, are consistent with the present concepts of 
a C-terminal “tail” location for the active center, since the presence or 
absence of hydrogen-bonding in the rest of protein would be of no sig- 
nificance in catalysis. Activity cannot, however, be due to a simple straight 


chain sequence of amino acids in view of the inactivating effect of disulfide 
bridge oxidation. 


SUMMARY 


Although in a rather unsettled state at present, the hypothesis of the 
“denaturase”’ action of proteolytic enzymes (32) must be considered as one 
possible explanation for the inactivation observed during restricted pepsin 
digestion of ribonuclease. This is particularly true in view of the presence 
in ribonuclease of cross-linking bonds such as those between tyrosine hy- 
droxyl groups and carboxy! groups suggested by Crammer and Neuberger 
(33) and more recently studied by Shugar (34), Harrington (35), and Tan- 
ford, Hauenstein, and Rands (36). (Indeed, in repeating Shugar’s studies 
on the effect of pepsin digestion on the ultraviolet spectrum of ribonuclease, 
we have found that the rate of modification of one of these bonds parallels 
the rate of loss of enzyme activity.) The tyrosine hydroxyl-carboxyl in- 
teraction is structurally permissible by the amino acid arrangement (20, 
28) at the C-terminal end of ribonuclease (although in this case, the bond 
would require unusual stability to urea in view of the “denaturation” 
studies (14) discussed above). 


I would like to express my sincerest thanks to Professor K. Linderstrgm- 
Lang for his warm interest and hospitality during my all too short stay in 
his laboratory. I am grateful to Civilingenigr A. Johansen, Civilingenigr 
M. Ottesen, Dr. F. Richards, and Dr. W. F. Harrington for their advice 
and aid in these studies. 
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THE OXIDATION OF MALIC ACID BY 
MICROCOCCUS LYSODEIKTICUS* 
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(Received for publication, November 17, 1955) 


The reaction catalyzed by mammalian malic dehydrogenase (1) is char- 
acterized by its dependence upon DPN,' inhibition by traces of OAA, and 
stimulation by carbonyl-binding compounds such as cyanide (2, 3). It 
was of interest, therefore, when Krampitz (4), studying oxidation of malate 
by whole or acetone-treated cells of Micrococcus lysodeikticus, found accu- 
mulation of OAA during the reaction. OAA, furthermore, failed to inhibit, 
and cyanide or semicarbazide did not stimulate the reaction. McManus 
(5) confirmed these observations and, in addition, could find no dependence 
of malate oxidation upon DPN or TPN. 

The present investigation was initiated to study the manner in which 
malate is oxidized by M. lysodeikticus. Evidence has been obtained that 
at least two OAA-producing malic dehydrogenases are present in this mi- 
croorganism, the first being DPN-dependent and the second not de- 
pendent upon this cofactor or TPN. Partial purification has permitted 
separation of these activities. 


Methods and Materials 


l-Malic Acid—I-Malic acid was obtained as the commercial product and 
was crystallized three times from acetone and benzene. Before use, it was 
dissolved in water and adjusted to pH 8 with NaOH. 

0AA*—OAA was prepared from the commercial sodium salt of the di- 
ethyl ester (6, 7) and crystallized three times from acetone and benzene. 

DPNH—DPNH was prepared from commercial DPN (Pabst) by hydro- 


* A portion of this investigation was supported by an award of a Postdoctoral 
Fellowship from the United States Public Health Service to the author at the De- 
partment of Biochemistry, School of Medicine, Western Reserve University. 

1 The following abbreviations are used in this report: diphosphopyridine nucleo- 
tide, DPN; reduced DPN, DPNH;; flavin adenine dinucleotide, FAD; flavin mono- 
nucleotide, FMN; lactic dehydrogenase, LDH; malic dehydrogenase, MDH; 
oxalacetic acid, OAA; triphosphopyridine nucleotide, TPN; tris(hydroxymethy]) - 
aminomethane, Tris; sonic supernatant solution, SPS; R. Q., respiratory quo- 
tient; Am, ammonium sulfate. 

? The author is indebted to Dr. M. F. Utter for a generous supply of this material. 
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sulfite reduction at 100° (8), followed by the separation of the salts by 
ethanol fractionation (9). 

The following commercial chemicals were used: TPN, FAD, FMN 
(Sigma); DPN (Pabst); sodium pyruvate (Nutritional Biochemicals Cor- 
poration). 

Lysozyme—This enzyme was obtained crystalline from the Armour Lab- 
oratories. 

Analytical Determinations—Protein was determined by the biuret reac- 
tion with crystalline bovine serum albumin (Armour) as the reference stand- 
ard. For determination of OAA, the method of manometric decarboxyla- 
tion with Al*+*++ was employed (10). 

Growth of M. lysodeikticus—An inoculum of M. lysodeikticus was prepared 
by transferring a loopful of cells which had been maintained on nutrient agar 
slants to 10 ml. of medium containing 1 per cent glucose, 0.4 per cent yeast 
extract, and 0.4 per cent Bacto-peptone. After shaking for 24 hours at 


37°, the inoculum was added to 1 liter of the above medium in a 4 liter flask | ‘ 
and swirled vigorously on a reciprocal shaker for 24 hours at 37°. The | 


cells were harvested in a Sharples supercentrifuge, suspended in distilled 
H.O, shaken for 1 hour, and recentrifuged. 5 to 7 gm. wet weight of cells 
from the Sharples supercentrifuge were collected per liter of growth medium. 

Lyzing of Bacterial Cells—20 to 25 gm. of cells (wet weight) were sus- 
pended in 500 ml. of 0.01 m sodium phosphate buffer, pH 6.8, in 0.17 m 


NaCl. 25 mg. of lysozyme were added, and the mixture was gently agi- | 
tated at 37° for 1 hour. The resulting lyzed preparation, somewhat ge- | 


latinous in consistency, was denoted whole lyzed. 


Results 


Manometric Assay of Malic Dehydrogenase—In early studies, oxygen con- 
sumption was utilized as a measure of enzymatic activity. However, fol- 
lowing sonic treatment (below), oxygen consumption failed to yield a proper 
index of enzymatic activity, perhaps owing to loss or inactivation of acces- 
sory electron carriers to oxygen. This was apparent when the ferricyanide- 
acceptor assay of Quastel and Wheatley (11) was utilized in parallel experi- 


ments to test identical fractions (Table I). Although the actual amounts | 


of malate oxidized (determined from gas exchange) in each system are not 
easily related, the ratios of activity before and following purification by 
each method should have been similar if no loss of cofactors occurred. This 
was not the case: An apparent loss of activity of 92 per cent was found with 
O» as acceptor, but only 52 per cent with the ferricyanide-acceptor system. 
Hence, the latter technique was employed in the standard assay in subse- 
quent studies. 

Contrary to the observation of Krampitz (4), cyanide was found to stim- 
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ulate malate oxidation in the presence of ferricyanide (Fig. 1) and, conse- 
quently, was included in the assay system. It should be noted, however, 
that a considerable reaction still occurred when this agent was omitted. 


TABLE I 


Activity of Successive Enzyme Fractions when Assayed with Both Oxygen and 
Ferricyanide As Electron Acceptor 





Malate oxidized* 
Fraction 





Ost acceptor Fe(CN)et acceptor 


NN I nasal bay eva seomphcdasiiewcavic sl unigpraeaid 51. | 
| 





1.8 
Sonically treated (SPS)..................... 3.9 





* Micromoles per ml. of enzyme in 20 minutes. 

+ Warburg cups contained 0.06 m Tris buffer, pH 8.2, 0.06 m malate, and enzyme in 
afinal volume of 2.0ml. 0.3 ml. of 20 per cent KOH in the center well. Gassed with 
QO. and temperature equilibrated for 5 minutes. 

t Standard assay system (see the text) except that cyanide was omitted. 
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MOLARITY OF CYANIDE 
Fig. 1. The effect of cyanide on enzymatic activity with ferricyanide-acceptor 


system. Relative activity of 100 equals 1126 manometric units per ml. Fraction 
SPS. 


The concentrations of cyanide shown in Fig. 1 are somewhat less than in- 
dicated, since an indeterminate amount of HCN was lost during the gassing 
procedure. 

The pH-activity curve for MDH assay is presented in Fig. 2. The pH 
selected for the standard system was 8.2. The standard assay system, 
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conducted in Warburg flasks, final volume 2 ml., contained 0.13 Mm NaH- 
COs, 0.03 mM K;Fe(CN)., and 0.05 m NaCN (pH 8.2). Following gassing 
with 5 per cent CO2-95 per cent Ne for 5 minutes and temperature equi- 
libration for 5 minutes, 30 wmoles of malate were tipped in from the side 
arm and readings were taken after an additional 5 minutes. The temper- 
ature was 30°. 1 manometric unit equaled 0.001 umole of malate oxi- 
dized per minute (calculated from the evolution of CO.) over a 20 minute 
period. 

Spectrophotometric Assay of Malic Dehydrogenase—All pertinent frac- 
tions were assayed also by measurement of the rate of reoxidation of DPNH 
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Fig. 2. Activity-pH relationship with ferricyanide-acceptor system. Relative 
activity of 100 equals 1210 manometric units per ml. Fraction SPS. 


at 340 mu following the addition of 6 wmoles of OAA to a cuvette contain- 
ing enzyme, 0.04 m sodium phosphate buffer, pH 7.4, and approximately 
0.2 umole of DPNH at 30° (final volume 3.0 ml.). 1 spectrophotometric 
unit of activity equaled the reoxidation of 0.001 umole of DPNH (or redue- 
tion of OAA) in the 30 to 90 second period following OAA addition. 

‘ach fraction studied in this manner was assayed separately for LDH by 
use of pyruvate as substrate under identical conditions, since the presence 
of this enzyme would yield high values for DPNH reoxidation by MDH, if 
OAA should partially decompose to pyruvate. 

Sonic Treatment of Residue after Lysis—Because studies on MDH were 
not previously performed on other than whole or lyzed cells, it was deemed 
advisable to obtain purer preparations. The whole lyzed fraction (above) 
was centrifuged for 30 minutes at 78,400 X g in a Spinco preparatory cen- 
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trifuge. The clear, yellow supernatant solution, which contained no malic 
dehydrogenase activity, was discarded and the gelatinous pellet was sus- 
pended in 100 ml. of 0.05 m NaCl with the use of a loose fitting Potter- 
Elvehjem homogenizer. 25 ml. aliquots were then subjected to 9000 cycle 
vibrations at full power for 45 minutes in a Raytheon 50 watt sonic oscil- 
lator and the sonic suspension was centrifuged at 78,400 x g for 1 hour. 
The clear, yellow supernatant solution was suctioned off, and the dark, 
brown pellet was discarded. The amount of ferricyanide-reacting activity 
found in the SPS fraction depended on the duration of sonic treatment of 
the whole lyzed fraction as shown in Fig. 3. After 45 minutes, inactiva- 
tion was seen. 
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Fig. 3. The effect of sonic disruption on solubilization of MDH. Relative ac- 
tivity of 100 equals 1176 manometric units per ml. 


Although sonic disruption was most effective for the liberation of enzyme, 
a small amount of activity could be released by glass grinding whole cells. 
However, freezing-thawing or extraction of acetone powders of lyzed cells 
failed to release activity. 

Ammonium Sulfate Fractionation—The SPS was made 0.03 m with Na- 
HPO, and 52 per cent ammonium sulfate (weight per volume) was added 
dropwise with stirring at 4° to give an ammonium sulfate concentration of 
20 per cent (assuming additive volumes), during which procedure a precipi- 
tate was formed. Stirring was continued for an additional 30 minutes. 
The precipitate was collected by centrifugation (35,000  g, 15 minutes) 
and dissolved in 0.05 mM NaCl. The supernatant solution was then treated 
as above to bring the concentration of ammonium sulfate to 30 per cent. 
The precipitate (Am 20-30) was centrifuged and dissolved in 0.05 m sodium 
chloride. The supernatant solution was brought to a concentration of 40 
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per cent ammonium sulfate as above and the resultant precipitate was 
centrifuged and collected for analysis (Am 30-40). 

Table II presents a summary of the yields of enzymatic activities as as- 
sayed by both spectrophotometric and manometric assays. Although var- 
iations in activity occurred in different preparations, the values shown are 
typical. These results demonstrated that a marked separation of activi- 
ties could be obtained. The ferricyanide-reacting enzyme appeared essen- 
tially in the 0-20 fraction, while the DPN-reacting activity appeared pri- 
marily in the 30-40 fraction. The Am 20-30 fraction contained a mixture 
of both enzymes. Relative to the whole lyzed fraction, the ferricyanide- 
reacting enzyme was purified 5-fold. The DPN-reacting enzyme was puri- 


TaB_e II 
Summary of Malic Dehydrogenase Purification Procedure 























Manometric Spectrophotometric 

Fraction | Protein et WG) ee eS eS / 
Units Units 
Total Total 
| perme | amis | perme | Gate 
mg. | 

gS” Se eae 2760 122 | 337,000 0 0 
Sonic suspension............. 792 . “4 30 | 23,700 
LR i 463 | 337 | 156,000 34 15,700 
MEM tee a hit acta es 186 | 602 | 112,000 4 740 
*« 20-30. omnes: 84 409 | 34,400 42 3,500 
IR 51. oars vcncuc ond 60 | 44 | 2,600] 167 10,000 








* Not assayed. 


fied to a similar degree when compared to the SPS fraction. It was of 
interest to note that the whole lyzed preparation failed to show activity 
with DPN. After sonic treatment, however, a large amount of spectro- 
photometric activity was observable. It would appear that the enzyme 
contained within this fraction was inaccessible to the substrate, possibly 
because of its gelatinous consistency. This finding might also explain the 
inability of McManus (5) to observe a reaction with DPN in her studies. 

An alternative explanation, however, which had to be explored was that 
the sonic treatment disrupted a natural (non-DPN) enzyme-acceptor com- 
plex and created an artifactitious enzyme which could then react with DPN. 
To test this, the Am 0-20 fraction was subjected to additional sonic treat- 
ment for 20 minutes and then assayed (Table III). It can be seen that 
sonic disruption failed to increase the ability of this fraction to react with 
DPN;; rather the small amount of DPN activity was further diminished. 
Conversely, sonic treatment of the Am 30-40 fraction failed to create ac- 
tivity as measured by manometric assay. 
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> wee Stability—All fractions of enzymes appeared to be stable in solution at 
3-4°, with only slight loss of activity after 4 weeks. Furthermore, freshly 
as as. | grown cells have been lyophilized and maintained in vacuo for 2 years, after 
1 var. | Which the above fractionation procedure was carried out. Loss in activity, 
m are assayed manometrically, amounted to about 40 per cent. 

otinlt Dialysis—When SPS was dialyzed for 48 hours against distilled HO, 
eased: the DPN-dependent fraction appeared to be considerably less stable than 












































d pri- 
sxtuss TaBLeE III 
id Effect of Sonic Treatment on Am 0-20 Fraction 
anide- 
3 puri- Manometric Spectrophotometric 
Treatment 
Units per mg. protein Units per mg. protein 
a= NE ya is:0s Hoos Kdawadonaicndtann 540 5 
motets eRRNNEy GOONIES So. oo ioc cdsesccccces 493 0 
Total 
= Tass IV 
“i Effect of Dialysis of SPS upon Enzymatic Activity 
0 Activity 
23,700 Fraction 
15,700 Manometric Spectrophotometric 
740 
3,500 units per ml. units per ml. 
10,000 Se ee ree ree e 380 133 
" NE Siri a Lote Gcnina Vs ace eevioa eu 98 5 
R ti _ aged 

atio, ete pita rhac  ate 3.9 27 
was of 
uctivity 


pectro- | the non-DPN enzyme (Table IV). These data confirm the existence of 
enzyme two enzymes in the preparation. 

ossibly Theoretical Gas Exchange and R. Q.—When oxygen uptake and CO, evo- 
lain the | lution were determined in crude preparations (whole lyzed), values were 
tudies, } obtained which were close to theoretical for the reaction sequence: 

jog Malate + 402 OAA — pyruvate + CO: (R. Q.theory = 2.00) 


or com- 

h DPN. Thus, in a typical experiment 27.9 umoles of CO. were evolved and 13.7 
ic treat- | umoles of O2 were consumed when 30.0 umoles of malate were used. Simi- 
-_ that larly, in the case of the ferricyanide assay system, final CO. evolution ap- 
act with } proximated the theoretical if the amount of malate was decreased so that 
i excess ferricyanide was present (Table V, Am 0-20). It is of significance 
eate ac- 


in these experiments that no enzyme fraction following sonic treatment 
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exhibited significant lactic dehydrogenase activity either manometrically 
or spectrophotometrically. 

Formation of OAA—OAA readily accumulated during the oxidation of 
malate, as presented in Table V. In these studies, the manometric assay 
system was employed, with the exception that cyanide was omitted. The 
reactions were stopped within 20 minutes to decrease loss of OAA through 
spontaneous or enzymatic decarboxylation. As purification proceeded, 
the percentage of OAA formed increased until with the Am 0-20 fraction 
almost complete conversion to OAA was observed. These data suggest 
the progressive loss of OAA decarboxylase (present in large amount in M. 
lysodeikticus (12)) during purification. 


: 
Effect of DPN—The effect of DPN on the Am 0-20 and 30-40 fractions | 











TABLE V 
Accumulation of OAA during Malate Oxidation 

j | a 
Preparation | Malate oxidized* | OAA found | Conversion to OAA 
an ieee _  eeiliee = cent ie 

ke  : A re 16.3 1.7 10 

ee are : 4.7 3.2 68 

ere eee eee 22.7 22.1 
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* Estimated from COs evolution. 

7 Standard manometric assay system except cyanide omitted. 

t Same as for SPS but 24.0 umoles of malate added. Reaction allowed to go to 
completion. 


differed considerably. As indicated in Table II, the former fraction re- 
tained little activity when assayed spectrophotometrically. On the other 
hand, the Am 30—40 fraction reacted with DPN in a manner quite similar 
to that of mammalian malic dehydrogenase. Fig. 4 illustrates both the 
back reaction (OAA — malate) (Curves a and b) and the forward reaction 
(malate — OAA) (Curves c and d). To emphasize the forward reaction, 
a concentration of malate 10 times that of OAA was used and the amounts 
of DPN and enzyme were increased. Even so, addition of small amounts 
of OAA completely reversed the equilibrium. The use of hydrazine as the 
trapping agent (Curve d) produced a slow forward reaction which is typical 
for animal malic dehydrogenase. 

Several manometric experiments were performed to clarify the need of 
the Am 0-20 and Am 30-40 fractions for DPN (Table VI). In no case was 
DPN demonstrated as essential for the Am 0-20 fraction. Likewise, after 
shaking with Norit, a treatment which can remove by adsorption complex- 
formed DPN (13), or following dialysis, DPN failed to stimulate the oxida- 
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Fie. 4. Optical tests with MDH of fraction Am 30-40. All cuvettes contained 120 
ymoles of sodium phosphate buffer, pH 7.4. Curve a, 0.16 umole of DPNH, MDH 
(0.027 mg. of protein) ; 6 umoles of OAA added at arrow. Curve b, same as Curve a, 
except reaction started by adding MDH at arrow. Curve c, MDH (0.087 mg. of 
protein), 60 umoles of sodium malate; reaction started by adding 1.0 umole of DPN; 
an additional 60 wmoles of malate added at arrow; 3 uwmoles of OAA added at final 
arrow. Curve d, MDH (0.087 mg. of protein), 1.0 umole of DPN; 60 umoles of sodium 
malate and 0.32 mmole of hydrazine sulfate added when indicated. Silica cells, d = 
1.0 cm.; temperature 30°. Curves corrected for optical density of substances added 
and for dilution. Data transcribed from per cent transmission curves obtained with 
model 5800 energy recording adapter for Beckman DU spectrophotometer and Bristol 
Dynamaster strip chart recorder. 




















TaBLe VI 
Effect of DPN on Active Fractions* 
Manometric activity 
Fraction Treatment 
| No addition +DPNt Acting 
| 
| unils per ml. units per ml. per cent 
Am 0-20 Untreated 583 574 0 
Dialyzed 24 hrs.f 293 293 0 
+0.45 m nicotinamide 297 298 0 
Norit-treated§ 1380 1240 0 
Am 30-40 Untreated 526 635 21 
Dialyzed 18 hrs.f 252 351 39 
+0.45 m nicotinamide 160 271 69 
SPS Untreated 1110 1200 8 
Dialyzed 48 hrs.t 781 870 11 











XUM 





* All fractions from same batch except Norit-treated. 
} 1.36 umoles of DPN per ml. 

t Versus 0.005 m sodium phosphate buffer, pH 8.0. 

§ Procedure for adsorption is that of Taylor et al. (13). 
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tion of malate. When the test system of Feigelson eé al. (14), in which high 
concentrations of nicotinamide are employed to inhibit DPN enzymes, was 
used, inhibition was observed but DPN failed to reactivate. An entirely 
different pattern of behavior was observed, however, for the Am 30~40 
fraction. DPN activated the untreated fraction and had a somewhat 
greater effect following dialysis. Similarly, a large reactivation by DPN 
was observed in the presence of nicotinamide. As might be expected, the 
malate-oxidizing capacity of the parent fraction, SPS, increased slightly in 
the presence of added DPN. 

Other Cofactors—Several possible cofactors, including TPN, FMN, and 


FAD, were added to the Am 0-20 fraction both before and after dialysis | 


without effect. In addition, the various ammonium sulfate fractions failed 
to activate each other in both assay systems, which suggested that no acti- 
vating factors were removed from the enzymes during fractionation. 


DISCUSSION 


The data support the existence of two separate enzymes for the oxidation 
of malic acid to OAA in M. lysodeikticus. The MDH of the Am 300 
fraction resembles that of pig heart purified by Straub (1) in its require- 
ment for DPN and in its equilibria established when observed spectrophoto- 
metrically (2). The second enzyme (Am 0-20 fraction) does not require 


DPN (or TPN) for its reaction. Similarly, cyanide stimulates oxidation f 


of malate but is not essential for complete utilization of substrate which is 


the case with pig heart malic dehydrogenase. A non-DPN malic dehydro-f 


genase, recently reported by Scholefield (15) to be present in pigeon 
liver, might be similar to the one found here. 

That OAA is the product of the oxidation of malate by the Am 0-20 frae- 
tion is evident from theoretical oxygen consumption, R. Q., accumulation 
of aluminum-decarboxylatable material following oxidation and stimula- 
tion of the reaction by cyanide. However, this conclusion is not unequivo- 
cal, since in this method of identification of OAA by 6-decarboxylation 
with Al**+* it might not be possible to distinguish between OAA and a 
labile precursor. Furthermore, evidence exists which suggests the exist- 
ence of such a labile substance. Thus, Krampitz suggested that the 
product of malate oxidation in M. lysodeikticus was a “physiological oxal- 
acetic acid” (4, 16). This postulate was based on the observation that, 
when authentic OAA was added to acetone-treated M. lysodeikticus, com- 
plete disappearance was observed, whereas OAA accumulated when malate 
was utilized as substrate. Furthermore, this “physiological OAA” was 
decarboxylated at a rate slower than authentic OAA, a finding which was 
confirmed by McManus (5). Although the present study sheds no light 
upon the possible formation of “physiological OAA,” the existence of a 
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novel enzyme for malate oxidation points up the necessity of a detailed 
study of this reaction. Such an investigation which includes further puri- 
fication and cofactor requirements is under way. 


The author is indebted to Dr. Merton F. Utter for his advice and help in 
this investigation. The author wishes to acknowledge the technical assist- 
ance rendered by Mr. Raymond R. Newman. 


SUMMARY 


Two enzymes have been observed in Micrococcus lysodeikticus which 
oxidize malate to oxalacetate. The first resembles mammalian malic dehy- 
drogenase in its dependence upon DPN, stimulation by hydrazine, and 
equilibria established between substrates and products. The second en- 
zyme is stimulated by cyanide but shows no dependence upon DPN or TPN 
and fails to react significantly with DPN when observed spectrophoto- 
metrically. Partial purification has permitted separation of the two malic 
dehydrogenase activities. 
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METABOLISM OF THYMINE (METHYL-C" OR -2-C%) 
BY RAT LIVER IN VITRO* 


By KAY FINK, RICHARD E. CLINE, ROBERT B. HENDERSON, 
AND ROBERT M. FINK 
(From the Investigative Medicine Service, Veterans Administration Hospital, Long 
Beach, and the Departments of Biophysics and Physiological Chemistry, 
University of California School of Medicine, 
Los Angeles, California) 


(Received for publication, September 6, 1955) 
Previous investigations employing rats, microorganisms, and surviving 


liver from several species (1-7) indicated that 8-aminoisobutyric acid! can 
be formed metabolically through the following reactions: 





O O 
| | 
C Cc 
4 
HN3 5C—CH; H, HN CH—CH; H.O 
| | as | anaes 
0=C2 6CH O= CH: 
1 \ 
N N 
H H 
Thymine Dihydrothymine 
O 
| O 
C—OH | 
Mi C—OH 
H.N CH—CH; H.0 
| l —., CH—CH, 
Oo= CH; | 


8-Ureidoisobutyric acid 8-Aminoisobutyric 
acid 

DHT and BUIB were found to be extensively converted to BAIB by rat 
liver (3, 5, 7), with little doubt that a real precursor-product relationship 
* This investigation was supported in part by the Cancer Research Funds of the 
University of California and by research grant No. C-1669 from the National Cancer 

Institute, National Institutes of Health, United States Public Health Service. 
‘The abbreviations used in this paper are BAIB, 8-aminoisobutyrie acid; BUIB, 


8-ureidoisobutyric acid; DHT, dihydrothymine; BAIB amide, 8-aminoisobutyram- 
ide; HMU, 5-hydroxymethyluracil; HMC, 5-hydroxymethyleytosine. 
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was involved in these cases, but the yield of 6-amino acid from thymine 
itself has always been low in the mammalian systems tested, and confirma- 
tion of the over-all reaction by use of suitably labeled radiothymine ap- 
peared desirable. The relatively easily labeled ureide carbon of thymine 
would be lost in the reactions as written above; thus the methyl carbon was 
chosen for labeling on the basis that it would presumably appear in the 
6-amino acid and might conceivably reenter the “pool” of single carbon 
units to some extent or present some other special type of metabolism. 

A preliminary report of these experiments (8) described chromatographic 
tests which confirmed the expectation that rat liver slices would convert 
thymine (methyl-C"), but not thymine-2-C", to radioactive BAIB. The 
thymine-2-C™ yielded radioactive urea and CO:, as was anticipated from 
previous reports on mammalian catabolism of non-isotopic thymine (9), 
thymine-1 ,3-N'® (10), and thymine-2-C" (11), and both types of labeled 
thymine showed a number of radioactive metabolites which were not im- 
mediately identifiable. These now appear to include intermediate re- 
ductive products (e.g. DHT and BUIB), oxidative products (e.g. 5-hydroxy- 
methyluracil and uracil-5-carboxylic acid), and some less obviously related 
compounds (e.g. alanine and glucose). 


EXPERIMENTAL 


Thymine (methyl-C™) was synthesized (8, 12) from sodium propionate- 
3-C™, with a specific activity of 0.45 mc. per mmole, supplied by the Oak 
Ridge National Laboratory. Thymine-2-C", with a specific activity of 3.0 
me. per mmole, was obtained from the Isotopes Specialties Company, Ine. 
5-Hydroxymethyluracil was prepared by deamination of 5-hydroxymethyl- 
cytosine? with barium nitrite and HCl. 5-Methylbarbituric acid was ob- 
tained by the procedure of Gerngross (13), and thymine glycol (5,6-di- 
hydroxythymine) by a slight modification of the method of Baudisch and 
Davidson (14). Methylmalonic acid was obtained by hydrolysis of the 
ester, which was prepared according to Cox and McElvain (15). 

Incubations were carried out with 500 y of radiothymine, a 50 mg. slice 
of rat liver, and 500 ul. of Krebs-Ringer phosphate buffer in a 5 ml. beaker 
which was supported in a 10 ml. beaker, which, in turn, was placed in a 
20 ml. beaker containing 3 ml. of 0.15 nN NaOH. The top of the outer 
beaker was sealed with Parafilm, the unit was placed in a Dubnoff metabolic 
shaker at 37°, and after 5 hours the incubation medium was deproteinized 
by addition of 4 volumes of absolute ethanol. A 20 ul. aliquot of the super- 
natant fluid was dried as a small spot near one corner of a sheet of filter 
paper (20 X 21 cm.), which was formed into a cylinder and placed in a 


2 We are indebted to Dr. Charles Miller of Sharp and Dohme, and to Dr. A. Deutsch 
of the California Foundation for Biochemical Research for their gifts of HMC. 
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half gallon fruit jar at 28° for ascending development as a two-dimensional 
chromatogram, an ammoniacal system (Solvent 1, Table I) being used first 
and then a neutral mixture (Solvent 2, Table 1). The chromatograms were 
pressed against x-ray film, usually for 1 to 3 weeks, pinholes having been 
pierced to facilitate subsequent realignment of the radioautographs. 

The various radioactive spots were cut from replicate initial chromato- 
grams prepared as above, eluted with ethanol or ethanol-water mixtures, 
and rechromatographed in one or more additional pairs of solvents to ob- 
tain further purification and a set of at least four Rr values for each radio- 
active spot. In several instances all of the values so obtained corresponded 
closely with a similarly determined set of Ry values of a known compound, 
thus suggesting the identity of some of the radioactive metabolites. Such 
a radioactive spot was then eluted from the second set of chromatograms, 
and chromatographically similar compounds were added to a portion of the 
eluate to serve as non-radioactive markers. The mixture was then rechro- 
matographed, by using a pair of solvents which appeared most likely to be 
useful for detecting any differences between the radioactive and the non- 
radioactive spots. Radioautographic exposures were made, as long as 2 
months being required for adequate registration of isolated samples from 
some of the minor radioactive spots. The position, shape, and internal 
density gradients of the radioautographic spots were then critically com- 
pared with the same properties of the spots representing the added non- 
radioactive markers, as visualized on the chromatogram by examination in 
ultraviolet light or by appropriate color reactions. When an isolated radio- 
active compound appeared to coincide with one of the added markers, the 
pair was usually retested in additional solvent systems, and an effort was 
made to make all feasible comparisons with other compounds which might 
be expected to show similar chromatographic properties and to be potential 
thymine metabolites. 

Color-developing reagents were sprayed and dried very carefully in order 
to avoid displacing or distorting colored spots, and a long series of com- 
parisons between a non-radioactive marker and a moderately to highly 
radioactive compound rarely left any doubt regarding their identity or non- 
identity. 

Identification of the metabolites was the primary aim of this investiga- 
tion, and comparison of the relative amounts of radioactivity associated 
with various spots was ordinarily limited to the rough estimates obtainable 
by visual inspection of the radioautographs. 


Results 


An initial chromatogram of a deproteinized incubation medium, prepared 
as outlined above, is represented by the radioautograph reproduced in Fig. 
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1. The residual substrate, thymine (methyl-C"), was the most intensely 
radioactive spot (7'), and some of the spots (A) were apparently chemical 
or physical artifacts, since they reappeared when the thymine was eluted, 
concentrated, and rechromatographed in the same solvent systems. Thy- 
mine glycol took a chromatographic position in the upper artifact spot on 
this initial type of chromatogram and ran with, or near, a weakly radioactive 
component of that spot in some of the other solvents. Further studies 
would be required to determine whether radioactive thymine glycol was 
actually produced in these experiments and, if so, whether it was formed 
spontaneously, biologically, or in both ways. Preliminary tests also sug- 
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+? 
Fic. 1. Radioautograph from a chromatogram of liver incubation medium. +, 
starting point of chromatogram; 7’, residual substrate, thymine (methyl-C™); A, 
chemical or physical artifacts; B, BAIB plus alanine; G, glucose; H, HMU. 


gest that the unidentified compound near the lower left edge of the thymine 
spot may be a hydroxymethyluracil nucleoside, but confirmatory data are 
needed. Urea was present on the chromatogram to the left of the thymine, 
and the absence of a corresponding radioautographic spot indicates that 
there was little or no conversion of the labeled methyl group to urea. 
(There was also little formation of CO, from the methyl carbon.) Each 
of the spots in Fig. 1 not labeled as an artifact or substrate presumably 
represents one or more radioactive metabolites, or subsequent breakdown 
products thereof, and notations indicate the positions of compounds which 
have been chromatographically identified. 

The data obtained from the various types of chromatograms and the 
two types of labeled thymine are collected in Table I, which shows Rr 
values of unlabeled marker compounds and of the radioactive spots with 
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which some of them appear to be identical. The relative intensities of the 
radioactive spots are indicated by a rough scale which reflects the higher 
initial specific activity of the thymine-2-C™ and labels as doubtful (+) 
those radioactive spots which were too weak to be detected consistently or 
identified adequately. In many cases, no metabolite with detectable ra- 
dioactivity showed the chromatographic properties of the unlabeled com- 
pound in all of the solvent systems tested, but this does not necessarily rule 
out the possibility that the compound tested might be an important, but 
perhaps transitory, intermediate in thymine metabolism. Such a situation 
presumably was involved in the failure to obtain unequivocal identification 
of DHT and BUIB as radioactive metabolites of thymine (methyl-C"), 
for these products carried comparatively little radioactivity even when the 
highly radioactive thymine-2-C™ was used as the substrate. 


DISCUSSION 


Interpretation of previous data on the apparent precursor-product rela- 
tionship between thymine and BAIB required consideration of the alter- 
native possibility that thymine might serve merely as an indirect stimulus 
to the production or release of BAIB by liver tissue (3). This now appears 
to have been ruled out adequately by the identification of BAIB as a radio- 
active metabolite of thymine (methyl-C"). 

Detection of radioactive DHT and BUIB in the experiments with thy- 
mine-2-C™ similarly constituted the first direct evidence for the production 
of these compounds as intermediates during mammalian catabolism of thy- 
mine. The occurrence of DHT and BUIB under such conditions had pre- 
viously seemed probable, however, (a) because liver was found to have 
active enzyme systems for their hydrolysis (3, 5, 7), (b) because they ac- 
cumulated in colorimetrically detectable concentrations during bacterial 
metabolism of thymine (4), and (c) because they could be isolated as inter- 
mediates when BAIB was prepared in stepwise fashion by catalytic hydro- 
genation of thymine to DHT, mild alkaline hydrolysis of the DHT to BUIB 
(4, 16), and acid hydrolysis of the BUIB. At least the first two steps of 
the above reaction sequence appear to be biologically reversible (4-7), sug- 
gesting a possible anabolic significance for this reductive pathway of thy- 
mine metabolism. 

Detection of the easily metabolizable BUIB in these studies and failure 
to detect BAIB amide, which seems relatively stable in mammalian systems 
(5-7), add to the evidence that biological cleavage of the reduced pyrimi- 
dine ring occurs primarily, if not exclusively, between positions 3 and 4 
(4-7,17,18). This view is consistent with a variety of data which indicate 
that the urea moiety of pyrimidines tends to be fragmented during catab- 
olism (2, 11, 19, 20), but it does not rule out the existence of competing 
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TaBe [ 
Data on Compounds Investigated As Possible Metabolites of Thymine 
An Rr value printed in bold-faced type indicates that the corresponding solvent 
was employed for a direct comparison of the radioactive and non-radioactive com- 
pound on the same chromatogram; italic type indicates close agreement of Rr values 
obtained from separate chromatograms; Rr values determined for the unlabeled com- 
pounds only are printed in light-faced type. 





Associated radioactiv- 








ity from thymine* Rr values (X 100) in solvent No.t 
Non-radioactive marker compound 

oer) ace | al 2) 3]e4]s|o6]7]s 
Thymine..................| +++ |++++] 55 | 76 | 68 | 64 | 58 | 30 | 80 | 33 
BI eos 0d Du op Game od Soars +++ | 30 | 53 | 47 | 37 | 32 | 10 | 65) 6 
MNES 4a See a ees 40 | 37 | 32; 18| 9/| 8 | 65! 0 
RY SRE ome erent 383 | 34 | 65 | 66} 13) 9 0 
CE. a, 2 Ww Hav ta use 30 | 35 | 49 | 57} 3] 6| 59] O 
EE ea ae ene ee 57 | 49 | 59 | 58 | 28 | 26 | 68 | 26 
DHT.. 
Ac ee 34 | 32 | 75 | 78 | 68 | 5 | 95 | 47 
Uracil-5-carboxylie acid.... 8 | 20 | 47 | 43 | 43 | O | 57 | 25 
Thymine glycol............. 79 | 76 | 78 | 77 | 78 | 51 | 82 | 61 


BAIB amide............... 
5-Methylbarbituric acid... . 
5-Methyleytosine.......... 


70 | 40 | 57 | 45 | 6 | 41 0 
35 | 26 | 51 | 60 | 26 | 8 | 70 | 54 
53 | 56 | 61 | 52 | 14 | 32 | 53 | O 
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oR eee oe 40 | 43 | 49 | 388 | 10 | 15 | 45| 0 
Methylmalonic acid........ 17 81 | 90 | 90} 0 85 
| eee 58 | 77 | 68 | 64 | 60 | 27 | 89 | 19 
5,6-Dihydrothymidine...... 70 | 63 | 62 | 50 | 37 | 32 | 77 | 17 
Thymidylic acid............ 5 | 28 | 36} 25| 0; 0] 89] 0 

*+ = presence of, + = doubt as to presence or identity of, and — = absence 


of a radioactive counterpart in the radiothymine incubation media. Relative 
intensity is indicated by the number of plus signs. 

t Composition of solvent systems, by volume: Solvent 1, tert-butyl alcohol, 
methylethyl ketone, water, ammonium hydroxide (40:30:20:10); Solvent 2, upper 
phase from a mixture of water, sec-butyl alcohol, tert-butyl alcohol (47.5:42.5:8.5); 
Solvent 3, n-butyl alcohol, glacial acetic acid, water (50:25:25); Solvent 4, tert-butyl 
alcohol, methylethyl ketone, formic acid, water (40:30:15:15); Solvent 5, tert-butyl 
alcohol, methylethyl ketone, water, formic acid (44:44:11:0.264); Solvent 6, upper 
phase from a mixture of n-butyl alcohol, water, and ammonium hydroxide (60:30:10); 
Solvent 7, isopropyl alcohol, water, concentrated HCl (65:18.4:16.6); and Solvent 
8, upper phase from a mixture of ethyl acetate, water, formic acid (60:35:5). When 
a two-phase system was used, a 20 ml. beaker containing 15 ml. of the lower phase 
was placed in the bottom of the chromatographic jar. 
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mechanisms such as those involving removal of the urea moiety as an in- 
tact unit (9, 21-26). There appears, at present, to be little experimental 
basis for the suggestion (20) that removal of the ureide carbon constitutes 
the primary step in pyrimidine catabolism. 

If the conversion of BUIB to BAIB involved an initial hydrolytic re- 
moval of the amide group representing position 3 of the original pyrimidine 
ring, it seems probable that the resulting N-substituted carbamic acid would 
have broken down to BAIB and CO: before or during analysis. It is also 
conceivable that positions 2 and 3 might be removed together as carbamic 
acid, and partially stabilized as a salt or ester. Both of the above possi- 
bilities were of special interest since some carbamate derivatives have been 
found to stimulate the development of lung tumors in strain A mice (27-29), 
and high BAIB excretion has been noted in a number of cases of human 
cancer (1). No radioactive carbamates have been identified in these stud- 
ies, however, and negative results were obtained when urethan-sensitive 
mice were used to test for production of oncogenic carbamates during ex- 
tensive biological conversion of dihydropyrimidines to 6-amino acids (30). 

Liver enzymes can transfer the amino group from BAIB to a-ketoglu- 
tarate or pyruvate,’ but in thymine (methyl-C") experiments none of the 
radioactive spots were clearly identified as immediate or secondary products 
of BAIB deamination. The radioactive alanine and glucose could con- 
ceivably have been derived from thymine (methyl-C") either with or with- 
out BAIB as an intermediate, and speculation as to possible mechanisms 
for their production seems premature. 

Study of the radioactive chromatograms has provided support for the 
earlier suggestion (2) that mammalian tissues might be provided with al- 
ternative pathways for thymine metabolism, with one route involving an 
initial reduction and the other an initial oxidation. There remains some 
question regarding mammalian oxidation of thymine to thymine glycol, as 
postulated by Cerecedo (9), and our radioautographs did not show 5-meth- 
ylbarbituric acid, which was isolated by Hayaishi and Kornberg (23, 24) 
as an acid-labile microbiological oxidation product of thymine. The nega- 
tive results are particularly inconclusive in the latter case, owing to the 
lability of the product, however, and in order to determine whether oxida- 
tions of this type occur in mammalian tissues it might be preferable to use 
labeled uracil and to search for barbituric acid, a relatively stable pyrimi- 
dine metabolite produced by bacterial oxidation (19, 23-26). The finding 
of HMU as one of the major radioactive derivatives of labeled thymine 
suggests that the methyl group of thymine may be the principal target for 
oxidative attack by liver tissue. In a preliminary report, Batt and Woods 


’ Unpublished experiments. 
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(31) suggested that HMU might be the initial compound formed during 
bacterial oxidation of thymine, but, in the light of more recent data, the 
reported characteristics of their compound are seen to correspond closely 
with those of 5-methylbarbituric acid, as pointed out by Hayaishi and 
Kornberg (24), and do not appear to match those of HMU (32). The 
closely related compound HMC, however, was isolated from T-even coli- 
phages by Wyatt and Cohen (32, 33), and, although HMU was not de- 
tected in either the phage or the host, its deoxyriboside could be formed 
slowly from that of HMC by action of Escherichia coli deoxycytidine deam- 
inase (34). The uracil-5-carboxylic acid chromatographically identified in 
the present studies would be a logical oxidation product of HMU, but the 
initial conversion of the methyl group of thymine to the relatively reactive 
hydroxymethyl group could conceivably open the way for its participation 
in a variety of anabolic reactions. HMU has been postulated as an inter- 
mediate in the formation of phage HMC (32, 34, 35), but in that system 
the hydroxymethyl group appears to be derived primarily from molecules 
other than thymine (34-36). A synthesis of isotopic HMU is under way 
as a step toward a study of its metabolism in mammalian systems. 


SUMMARY 


On incubation with rat liver, thymine (methy]-C") yielded a number of | 


radioactive metabolites, some of which have been chromatographically 
identified as 8-aminoisobutyric acid, 5-hydroxymethyluracil, alanine, and 





glucose. With a more highly radioactive preparation of thymine-2-C%, the | 


detectable radioactive products included 5-hydroxymethyluracil, urea, di- 
hydrothymine, 6-ureidoisobutyric acid, and uracil-5-carboxylic acid. A 
large amount of C“O, was produced from the ureide carbon and only a 
small amount from the methyl group. The data provide direct evidence 
for the reductive conversion of thymine to 6-aminoisobutyric acid, for the 
occurrence of dihydrothymine and 6-ureidoisobutyric acid as intermediates, 
and for the existence of an alternative metabolic pathway involving an 
initial oxidative attack on the methyl group of thymine. 


Addendum (March 20, 1956)—An additional metabolite of radiothymine, shown near 
the lower left edge of the thymine spot in Fig. 1, has now been chromatographically 
identified as thymine riboside (5-methyluridine). The non-radioactive marker was 
prepared by treatment of uridine with formaldehyde (37), followed by hydrogenation 
of the resulting 5-hydroxymethyluridine to yield 5-methyluridine. The radioactive 
and non-radioactive products showed identical behavior on direct chromatographic 
comparison in Solvents 1 through 7 of Table I (Rp values X 100 were 44, 61, 56, 44, 
37, 3, and 72, respectively), and both chromatographic and spectrophotometric 
studies indicated that the marker compound was identical with a sample of synthetic 
1-p-ribofuranosyl-thymine (38) courteously provided by Dr. J. J. Fox and Dr. G. B. 
Brown. 
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METABOLISM OF A‘-CHOLESTENONE-4-C" IN THE RAT* 
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A‘-Cholestenone has long been regarded as a key intermediate in the 
metabolism of cholesterol. Two réles have been postulated for it: (a) 
Rosenheim and Webster proposed that A‘-cholestenone is an intermediate 
in the degradation of cholesterol to bile acids (1); (b) numerous investi- 
gators have considered it an intermediate in the conversion of cholesterol 
to the neutral fecal sterols, especially cholestanol (dihydrocholesterol) and 
coprostanol, and to tissue cholestanol (2, 3). The second scheme, which 
has recently been reviewed by Bloch (3), is supported by considerable 
evidence. Cholestenone has been isolated from feces (4), and evidence 
for its occurrence in certain tissues has been presented (5, 6). It is a well 
known product of microbial oxidation of cholesterol (7, 8). The conver- 
sion of cholestenone to cholestanol (9, 10) and to coprostanol (11) has 
been demonstrated. None the less, the recent demonstration of Rosenfeld 
et al. (12) that intestinal microorganisms can convert cholesterol to co- 
prostanol without oxidation at C-3 indicates, at least, the existence of an 
alternative pathway between these two compounds. 

The first part of the present communication deals with the fate of intra- 
venously injected A‘-cholestenone-4-C" in rats. In the second part, the 
conversion of cholestenone to cholestanol by liver homogenates is studied. 


EXPERIMENTAL 


C-Labeled Sterols—A*-Cholestenone-4-C“ was synthesized as described 
by Turner (13). The product was isolated and purified on alumina col- 
umns, and the purity was established by melting point and paper chro- 
matography (14). 

Cholestanone-4-C™ was prepared by oxidation of cholestanol-4-C™ by 
the method of Bruce (15). The labeled cholestanol was prepared by 
Dr. W. G. Dauben, to whom our thanks are due. The cholestanone-4-C™ 
was isolated by alumina column chromatography as described below. 
Purity of the isolated material was established by recrystallization of the 
tetrahydrocarbazole derivative to constant specific activity (see below). 

Unlabeled Sterolh—Commercial cholestanol was recrystallized several 

* Aided by grants from the United States Public Health Service and the Ames 
Company, Inc. 

t Predoctoral Fellow of the Life Insurance Medical Research Fund. 
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times before use. A‘-Cholestenone and cholestanone were synthesized as 
described above. 

Bile Acids—Commercial cholic and deoxycholic acids were recrystallized 
before use. Chenodeoxycholic acid was obtained by alkaline hydrolysis 
of taurochenodeoxycholic acid isolated from goose bile, as described pre- 
viously (16). Recrystallization from ethyl acetate yielded chromato- 
graphically pure material, m.p. 137—139°. 

Emulsification of Sterols—Labeled sterols were emulsified in saline with 
Tween 20 as described previously (17). Since Tween 20 is apparently 
toxic both to intact rats and to liver homogenates, the quantity used must 
not exceed 1 drop per mg. of sterol. 

In Vitro Procedures—Liver homogenates were prepared as described by 
Bucher (18). Unless otherwise stated, 0.1 mg. of the C™ sterol, emulsified 
in 0.1 ml. of saline with Tween 20, was incubated with 2 ml. of homogenate, 
0.2 ml. of 8 X 10-* m adenosine triphosphate (ATP), and 0.2 ml. of 1.5 x 
10-? m diphosphopyridine nucleotide (DPN) for 1 hour, at 37°, with con- 
tinuous shaking, in an atmosphere of 95 per cent O2-5 per cent CO2. At 
the end of the incubation period the mixture was hydrolyzed on a steam 
bath by addition of alkali, and the neutral sterols were isolated by solvent 
extraction as described below. 


Methods 


Small aliquots of bile were mounted directly on aluminum planchets 
and counted with a Q gas flow counter to an accuracy of +5 per cent. 
Feces were exhaustively extracted with ethanol in a Soxhlet apparatus, 
and a small aliquot of the extract was used for C determination. Tissue 
C™ determinations were made after solvent fractionation. 

Solvent fractionation was carried out on hydrolyzed bile and tissues, 
as described earlier (19).! 

Chromatographic Separation of Bile Acids—Whole bile samples were 
chromatographed on filter paper, as described previously (20). The 
solvent used was collidine-H,O (100:35 volume per volume) in an ammonia 
atmosphere. Larger samples were chromatographed on hydrophobic 
Super-Cel columns, as described by Bergstrém and Sjévall (21). 

Chromatographic Analysis of Neutral Sterols—Neutral sterols were sepa- 
rated chromatographically on alumina columns. The sterols were applied 
to the column in hexane and were eluted with gradually increasing con- 
centrations of ethyl ether in hexane. The effluent was collected in frac- 
tions and the C™ content of these fractions determined. The ratio of 
alumina to sterol was 100:1 or greater. Since commercial alumina (Merck) 
is not always reproducible, each batch was standardized before use. 


1 When total C™ alone was desired, the hydrolysate was acidified, and the total 
C'4 was extracted with ethyl ether. 





XUM 


id 
cif 
til 
te! 
liz 
sti 


zed 
ysis 
re- 
ito- 


vith 
itly 
Lust 


fied 
ate, 


-on- 

At 
eam 
vent 


hets 
ent, 
itus, 
ssue 


sues, 


were 

The 
onia 
\obic 


sepa- 
plied 
con- 
frac- 
io of 
erck) 


total 





XUM 


F. M. HAROLD, S. ABRAHAM, AND I. L. CHAIKOFF 437 


Identification of C'* Compounds—Preliminary identification of C com- 
pounds was carried out by column chromatography. To establish the 
identity of any given C™ substance, carrier was added and the initial spe- 
cific activity determined. The mixture was then recrystallized several 
times from three different solvents, and the specific activity again de- 
termined. One or more derivatives were then prepared, again recrystal- 
lized several times, and the final specific activities determined. Con- 
stancy of the specific activity was interpreted as evidence of identity of 


TaBLe I 
Distribution of C'* of Injected At-Cholestenone-4-C' in Organs and Excreta 
of Intact Rats 


Each rat received intravenously 1 mg. of the labeled sterol emulsified in saline 
with Tween 20. 























Per cent of injected C™ recovered 
Tissue or site 

In neutral fraction | In acidic fraction Total 

Ns ion no ot hers ob cb dave aeaveine 17 33 50.0 
NR a Pe eR ee 5.4 2.8 8.2 
Intestine* + contents..... 5.4 5.4 10.8 
FES AD, soda col 28 Fat RE AE 3.6 
RE Se aa ee 1.6 
Kidneys + adrenals........... 2.8 
a Se eee ae 17.0 
Ne eed tenet atc ce Stews cook vee uw alos teacsauense neue 94.0 








* Small and large intestine. 





the C™ substance with the carrier. The importance of preparing deriva- 
tives should be emphasized. Since sterols tend to coprecipitate with 
each other, recrystallization to constant specific activity without conver- 
sion to a derivative does not constitute sufficient evidence of identity. 


Results 
Fate of A*-Cholestenone-4-C™ in Intact Animals 


Female rats of the Long-Evans strain, weighing 200 to 220 gm., were 
used throughout. 1 mg. of emulsified, labeled cholestenone was injected 
into the femoral vein of each rat. 2 or 3 days later, during which time 
they were allowed access to food and water, the rats were sacrificed and 
the distribution of C™ in the organs and feces was determined. In the 
case of liver, intestine, and feces, the C was further separated into neutral 
and acidic fractions. The results (Table I) indicate that injected choles- 
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tenone is rapidly eliminated from the body via feces, primarily in the form 
of acidic products. 

Neutral Sterols—In order to identify the neutral sterols formed from 
A‘-cholestenone, the neutral fractions of liver and feces were chromato- 
graphed on alumina columns by elution with increasing concentrations of 
ethyl ether in hexane, as described above. A typical result is shown in 
Table II. Identification of the various C* compounds eluted from the 
column was carried out as follows. 


TaBLeE II 
Neutral C'* Sterols Found in Liver, Bile, and Feces after Intravenous Injection of 
A‘-Cholestenone-4-C™ into Intact and Bile-Cannulated Rats 
The neutral sterols extracted from liver, bile, and feces were chromatographed on 
alumina, as described in the experimental section. The values are given in per cent. 























Neutral C™ sterol recovered at peak 
Cy | ra hrs. aft 
peak, | ./2 DFS. arter 48 hrs. after injecti Identity of C™ 
Eluent® L.A oo into bile conmuinted mats compounds 
Liver | Feces | Liver Bile | Feces 
5% ethyl ether in hexane... I 2.6] 1.6] 1.8 2.9 | Probably 
cholesta- 
none 
10% ‘“ Nas co ts II | 10 4.0 | 14.4] 2.7 A‘-Choleste- 
none 
25% * te eh ee 91 76.0 | 92.3 | 93.9 | Cholestanol 
Methanol-ethyl ether-hex- 
ane (10:60:30)............| IV 8.4 | 3.6 7.8 | 5.0} 3.2 | Unidentified 

















* The solvents which failed to elute C4 from the column are not recorded. 


Compound I—The quantity of this substance obtained was too small 
for identification. However, experiments to be described later indicate 
that it probably consists in part of cholestanone. 

Compound II—The chromatographic behavior of this substance corre- 
sponded to that of cholestenone. Its identity was established by adding 
carrier cholestenone, recrystallizing the mixture, and converting the prod- 
uct to the 2 ,4-dinitrophenylhydrazone, m.p. 232—233° (22). The identical 
specific activities of the initial and final products indicate that Compound 
II is A*-cholestenone. 

Compound III—Both cholestanol and cholesterol were eluted at this 
point. The C* in this fraction was completely precipitated with digitonin. 
Carrier cholesterol was added to an aliquot of this fraction, and the mixture 
was brominated as described by Schwenk and Werthessen (23). The 
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= dibromide, after several recrystallizations, was found to be virtually free 
of C“, which indicates that A*-cholestenone-4-C™ is not converted to cho- 
= lesterol to an appreciable extent. 
to- The C* sterol in this fraction was identified as cholestanol as follows: 
of The supernatant liquid from the dibromide preparation was diluted with 
be ethyl ether, washed with sodium bisulfite, and then with water to remove 
the excess bromine. Carrier cholestanol was added to the ethyl ether solution, 
and the specific activity of the material in solution was determined. Part 
of the mixture was oxidized to cholestanone, m.p. 130—131° (15), while 
the rest was acetylated to give the acetate, m.p. 110-111°. The specific 
‘| activities of these two derivatives were practically identical with that of 
- the starting material. No evidence for any major C“ compound other 


ent. than cholestanol in this fraction was found, either in liver or feces. 
Compound IV—The identity of this compound remains unknown. 
Acidic Fraction—To obtain information on the nature of the acidic 
on metabolites of A*-cholestenone-4-C™ found in feces, aliquots of the fecal 
s extracts were subjected to chromatography by the method of Bergstrém 
and Sjévall (21). A number of C™ peaks appeared, strongly resembling 
the results obtained by Bergstrém and Norman (24) in their studies on 
acidic fecal metabolites of cholesterol-4-C"“. This suggested that the 
a- acidic fecal products of the metabolism of A‘-cholestenone may be bile 
acids, perhaps partly degraded by the action of intestinal microorganisms. 


te- For this reason, the metabolism of cholestenone in bile-cannulated rats 
was investigated. 

nol 

Ged Fate of A‘*-Cholestenone-4-C™ in Bile-Cannulated Rats 

a Rats provided with bile cannulas (25) were injected intravenously with 
1 mg. of cholestenone-4-C™, as described above. Bile was collected, under 
toluene, at various intervals for 48 hours. The animals were then sacri- 

mall ficed, and the bile, feces plus intestinal content, and liver were analyzed. 

cate In 48 hours, as much as 45 per cent of the injected C™ was eliminated in 
bile (Fig. 1). Solvent fractionation of the hydrolyzed bile showed that 

— 10 to 20 per cent of the biliary C™ was present in the neutral fraction, and 

ding the rest in the acidic fraction (bile acids). In this period, only 2 to 6 per 

rod- cent of the C™ was recovered in the feces, virtually all of which was in the 

tical neutral fraction. 6 to 10 per cent remained in the liver, largely in the 

und neutral fraction. Thus, bile acids are the major products of the metabolism 

; of A*-cholestenone in the rat. 

this Neutral Sterols—The neutral sterols of liver, bile, and feces were further 

a fractionated on alumina columns and identified as described in the preced- 

‘ture ing section (Table IT). 

The 


Bile Acids—In an attempt to identify some of the bile acids formed from 
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A‘-cholestenone-4-C", a large pooled bile sample was fractionated by the 
method of Bergstrém and Sjévall (21). Two C™ peaks were obtained, 
the first corresponding in position to the trihydroxy bile acids and the 
second to the dihydroxy bile acids. This suggested that cholic acid and 
chenodeoxycholic acid might be products of cholestenone metabolism, but 
the supposition proved incorrect on further study. 


50} 
45} 
40+ 
35+ 
30+ 
25+ 


20+ 






o Rat No.| 
e Rat No.2 
4 Rat No.3 


Per cent of injected C'* recovered in bile 





l l L 1 l 1 
8 16 24 32 40 48 
Hours 


Fig. 1. Cumulative excretion of Cin bile after injection of A‘-cholestenone-4-C™ 
into rats provided with bile cannulas. 





Carrier cholic acid was added to an aliquot of the first peak, and the 
mixture was recrystallized several times. The virtual absence of C" 
from the final product indicates that the C'’* compound under consideration 
is not cholic acid. By a similar technique it was found that the C™ sub- 
stance at the second peak is neither deoxycholic acid nor chenodeoxycholic 
acid, though in the latter case conversion to the diacetate (16) was neces- 
sary in order to remove all of the C“. Thus, it must be concluded that, 
although A‘-cholestenone is degraded to bile acids, these are not identical 
with the normal bile acids of the rat. 


Fig. 2 represents a time study of the incorporation of C™ into bile acids. 
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Whole bile samples collected at various times were analyzed by filter paper 
the : s ‘ : 
ad chromatography, and radioautograms were prepared as described previ- 
the ously (20). For purposes of comparison, a typical chromatogram of rat 
be bile sprayed with SbCl; appears in Fig. 2, A. The identification of the 
but color bands has been described in a previous paper (20). In the radio- 


autograms of the first bile sample (Fig. 2, B; 0 to 2 hours), five C bands 
are visible. The first, located at the front, corresponds to neutral biliary 
| C* sterols, the identification of which was discussed above (Table II). 




















Typical rat bile | Radioautographs of rat bile 
chromatogram | samples obtained after the 
sprayed with injection of 4¢-Cholestenone- 

Compound Re | SbCls. 4-c'* 
Hours ofter injection 
0-2 7-12 24-48 
Cholesterol etc Front — —_— ao a 
Taurochenodeoxycholic acid | 082 _ —_ — — 
Taurocholic acid 0.73 _ omit am _—* 
Compound y 0.59 — — — eS 
044 — — — 
Origin 
A B Cc D 


























Fig. 2, Chromatogram and radioautograms of rat bile samples collected at various 
times after intravenous injection of A‘-cholestenone-4-C'*. The C' band, indicated 
by an asterisk, overlaps, but does not coincide with the color band of taurocholic 
acid. For purposes of representation this displacement has been exaggerated. 

A.C 
Be: The second, at Rr 0.82, corresponds to the position of taurochenodeoxy- 
cholic acid, but, as noted above, it is not identical with that substance. 
1 the The third, at Rr 0.70, overlaps but does not coincide with the color band 
rf ou of cholic acid. The fourth band, at Ry 0.59, corresponds in position to an 
ation unidentified bile acid, Compound Y, previously observed as a metabolite 
' sub- of cholesterol-4-C™ (20), but it should not be inferred that these two C™ 
holie substances are identical. The fifth band, at Ry 0.44, does not correspond 
1eces- | to any previously noted band. 

that, As the excretory process is followed for longer periods, C“ gradually 
ntical fades from most of the bands (Fig. 2, C; 7 to 12 hours) until finally the band 
at Ry 0.70 becomes the dominant C™ bile acid produced from cholestenone 


acids. | (Fig. 2, D; 24 to 48 hours). 
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It was observed that the C" of injected cholesterol-4-C™ was incorporated 
into dihydroxy bile acids before it appeared in the trihydroxy bile acids, 
and that the C™ faded first from the dihydroxy acids (20). No such se- 
quence of appearance or disappearance of the C™ of cholestenone-C™ was 
observed in the present study. 


Conversion of A‘-Cholestenone to Cholestanol by Liver Homogenates 


A‘-Cholestenone-4-C* was incubated with fortified liver homogenates, 
and the neutral sterols were isolated by solvent extraction and fractionated 
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Fig. 3. Chromatographic separation of the products of A‘-cholestenone-4-C™ me- 
tabolism in liver homogenates. 1 mg. of A‘-cholestenone-4-C™ was incubated at 37° 
with 10 ml. of rat liver homogenate, 1 ml. of 8 X 10-?m ATP, and 1 ml. of 1.5 X 10° 
M DPN. The mixture was shaken continuously for 1 hour in an atmosphere of 95 
per cent O.-5 per cent CO.. After incubation, the mixture was hydrolyzed with 
alkali and the neutral sterols were isolated by solvent extraction and analyzed by 
chromatography on alumina columns. The fraction volume was 6 ml. The roman 
numerals refer to the designation of the C14 compounds eluted. EE, ethyl ether. 


on alumina columns. Typical results are shown in Fig. 3 and Table III. 
A‘-Cholestenone-4-C™ is rapidly metabolized by liver homogenates, cho- 
lestanol being the main product. Generally, in 1 hour, about 85 per cent 
of the added labeled cholestenone was converted to other compounds. 

Identification of the C'* compounds is discussed below. 

Compound O—The possibility that this compound is coprostanone was 
considered. However, when carrier coprostanone was added, and the 
mixture converted to the tetrahydrocarbazole, m.p. 194—195°, the deriva- 
tive was not radioactive. The nature of Compound O is not known. 

Compound I—This C™ peak was identified as cholestanone. Carrier 
cholestanone was added to a sample of the eluate. Part of the mixture 
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was then converted to the tetrahydrocarbazole, m.p. 180—181° (26), and 
the rest to 2-bromocholestanone, m.p. 164-165° (27). The specific activi- 
ties of both derivatives were about 80 per cent of the initial specific activity, 
and remained unchanged upon further recrystallization. Thus, about 80 
per cent of the C™ in this peak consists of cholestanone. 

Compound I]—Compound II was identified as unmetabolized A‘-cho- 
lestenone by means of the 2 ,4-dinitrophenylhydrazone as described above. 

Compound III—This compound was shown to be largely cholestanol, as 
described above. Again, no C“ was found in cholesterol. 


TaBLeE III 
Neutral C* Sterols Found after Incubation of A*-Cholestenone-4-C™ and 
Cholestanone-4-C'* with Fortified Liver Homogenates 
0.1 mg. of C" sterol incubated with 2 ml. of homogenate, 0.2 ml. of ATP, and 0.2 
ml. of DPN for 1 hour at 37° in an atmosphere of 95 per cent O2-5 per cent COs. 
After the incubation, the sterols were isolated by solvent extraction and fractionated 
on alumina columns. 














| Per cent neutral C™ sterol recovered* as 
C¥ sterol incubated a l 
Cogan Cholestanone Ch ao Cholestanol Gugget 
A‘-Cholestenone- 
4-Ci4 1 7.2 10.8 16.0 62.4 3.6 
2 5.5 9.0 17.1 64.9 3.5 
3 2.2 16.4 1.9 78 1.5 
Cholestanone-4- 
cu 1 34 45 21 
2 52 40 8 
3 42 52 6 























* Almost all of the added C' was recovered in the neutral C™ sterol fraction. 


Compound IV—<At present unidentified, this compound no doubt cor- 
responds to the “Compound IV” noted in the experiment with intact 
rats (Tables II and III). 

We were unable to demonstrate the formation of C™ bile acids under the 
conditions of the present study. 


Metabolism of Cholestanone-4-C™ by Liver Homogenates 


The formation of cholestanone-C" in liver homogenates incubated with 
A‘-cholestenone-4-C™ is in accord with the suggestion (3) that this com- 
pound is an intermediate in the reduction of A‘-cholestenone to cholestanol. 
For this reason, cholestanone-4-C™ was incubated with liver homogenates 
exactly as described above for cholestenone. The cholestanone-4-C™ 
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was rapidly metabolized (Table III). In 1 hour, about 50 per cent of the 
added C™ was converted to cholestanol, identified as described above, and 
to traces of “Compound IV.’? The remainder was unmetabolized cho- 
lestanone. A typical analytical result is shown in Fig. 4. 
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Fig. 4. Chromatographic separation of the products of cholestanone-4-C™ me™ 
tabolism in liver homogenates. 0.1 mg. of cholestanone-4-C™ was incubated at 37° 
with 2 ml. of liver homogenate, 0.2 ml. of 8 X 107? m ATP, and 0.2 ml. of 1.5 X 107° 
M DPN. The mixture was shaken continuously for 1 hour in an atmosphere of 95 
per cent O2-5 per cent CO.. After the incubation, the mixture was hydrolyzed with 
alkali, and the neutral sterols were isolated by solvent extraction and analyzed by 
chromatography on alumina columns. The fraction volume was 10 ml. The roman 
numerals refer to the designation of the C'‘ compounds eluted. EE, ethyl ether. 


DISCUSSION 


The major portion of the C“ of intravenously injected A‘-cholestenone- 
4-C" is rapidly eliminated by intact rats via feces. The fecal C™ consists 
of two fractions: an acidic fraction that contains about 60 to 70 per cent 
of the fecal C™, and a neutral one. 

When A‘-cholestenone-4-C" is injected into rats provided with bile can- 
nulas, all the acidic metabolites are recovered in bile. This observation, 
together with the chromatographic behavior of these acidic compounds, 
indicates that they are bile acids.* At least four C™ bile acids were ob- 
served in the bile of these rats, but none was identical with either of the 
major bile acids of the rat, taurocholic acid and taurochenodeoxycholic 
acid. Thus, the bile acid end-products of A‘-cholestenone catabolism are 


2 Although the chromatographic behavior of ‘‘Compound IV”’ was identical with 
that of Compound IV (Tables II and III), they need not be the same compound. 

3 Bile acids are defined here as acidic steroids eliminated in bile, regardless of 
structure and length of side chain. It is reasonable to believe, however, that we 
are dealing with C-24 compounds. 
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not identical with those of cholesterol metabolism (20, 28), and hence the 
suggestion of Rosenheim and Webster (1) is untenable. None the less, 
the chromatographic behavior of these unidentified bile acids warrants 
the suggestion that they, too, are conjugated with taurine and possess 
structures similar to those of cholic acid, chenodeoxycholic acid, and Com- 
pound Y. Since all the neutral 27 carbon sterols studied to date (choles- 
terol (20, 28), epicholesterol (18), cholestanol),‘ as well as ergosterol (29), 
undergo degradation to bile acids, it would appear that such degradation is 
a prominent feature of the catabolism of sterols possessing degradable side 
chains. 

The neutral C™ sterols found in feces after the injection of A‘-choles- 
tenone-4-C™ into intact rats have in part been identified. The major com- 
ponent is cholestanol, accompanied by small amounts of unmetabolized 
cholestenone and probably cholestanone, and at least one unidentified 
sterol. The same C™ sterols were also observed in the livers of these rats. 
In agreement with the work of Stokes et al. (10), only negligible quantities 
of C were found in cholesterol. 

It should be noted that, under our experimental conditions, cholestenone 
is not converted to coprostanol to a significant extent. This, however, is 
not surprising since the latter transformation probably takes place in the 
intestinal lumen (2), whereas in the present experiments little of the in- 
jected cholestenone-C" reached the intestine as such. The main site of 
metabolism of injected cholestenone is clearly the liver. 

In a comparison of the C" sterol composition of the bile and feces after 
injection of A‘-cholestenone-4-C™ into rats provided with bile cannulas, 
it is found that cholestenone and cholestanol reach the intestine via the 
bile. In addition it is shown, in agreement with earlier findings of Schoen- 
heimer and von Behring (30), that cholestanol is secreted directly across 
the gut wall. 

In the hope of learning more about the pathway of conversion of cho- 
lestenone to cholestanol, this reaction was studied in liver homogenates. 
The reaction proceeds readily, and considerable quantities of cholestanone 
and an unidentified substance, Compound O, accumulate. The observa- 
tion that cholestanone-4-C" is also readily converted to cholestanol in this 
system lends support to the suggestion of Bloch (3) that the former is an 
intermediate in the reduction of A*-cholestenone to cholestanol. Numerous 
attempts to establish this point by the isotope dilution technique failed 
in our hands, owing to difficulties encountered in emulsifying relatively 
large amounts of sterols. 


‘Harold, F. M., Chapman, D. D., and Chaikoff, I. L., unpublished observations. 
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SUMMARY 


1. A*-Cholestenone-4-C" was injected intravenously into rats. In 67 
hours, 50 per cent of the C“ was eliminated in feces. Of the fecal C¥, 
about 65 per cent was recovered in an acidic fraction apparently composed 
of bile acids. The rest was in the neutral sterol fraction. Cholestanol 
was the predominant neutral sterol formed from cholestenone, both in 
liver and in feces. In addition, cholestenone and two minor, unidentified 
products were noted in both liver and feces. The incorporation of C¥ 
into hepatic and fecal cholesterol was negligible. 

2. When labeled cholestenone was injected into rats provided with bile 
cannulas, as much as 45 per cent of the injected C“ was recovered in the 
bile in 48 hours. Most of the biliary C™ was in the bile acid fraction. 
At least four C™ bile acids were detected, but none of these is identical 
with the major bile acids of the rat (taurochenodeoxycholic and taurocholic 
acids). The biliary neutral sterols consisted of cholestenone and cho- 
lestanol, whereas the fecal C'* was mostly in cholestanol. 

3. When A*-cholestenone-4-C“ was incubated with liver homogenates, 
rapid conversion to cholestanol was observed. In addition, cholestanone 
and two unidentified products were observed. 

4. Cholestanone-4-C" was readily reduced to cholestanol by liver ho- 
mogenates. 
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Investigators have failed to find high concentrations of progesterone in 
tissues of animals secreting relatively large quantities of progestational sub- 
stance (1-3); and metabolic studies in which progesterone-21-C™ was used 
(4, 5) have shown that neither the hormone nor its metabolites were stored 
in appreciable quantities in the tissues of rats. It has been concluded (4), 
therefore, that the metabolism of progesterone after its synthesis in endo- 
crine glandsis continuous and rapid. There is much experimental evidence 
to suggest that the liver is the major site for the biological inactivation of 
progesterone (1). However, except for certain studies in vitro with iso- 
lated tissues and organs, no investigation of the extent of extrahepatic me- 
tabolism has been made. Therefore it seemed of interest to investigate the 
fate of circulating progesterone in animals deprived of liver, spleen, and 
gastrointestinal tract to determine whether these are the sole sites of its 
metabolism. In addition, it was considered possible that without the ex- 
cretory action of the liver there might be a greater tendency for localiza- 
tion or deposition of the hormone in certain tissues. Finally, it seemed 
that, if extrahepatic metabolism did occur, the products might have phys- 
iological importance bearing on the mechanism of hormone action of pro- 
gesterone or on its réle as a precursor of other hormonally active substances. 


EXPERIMENTAL 


Young adult rats (200 to 250 gm.) of the Sprague-Dawley strain were 
used in all experiments. Liver, spleen, and gastrointestinal tract were re- 
moved from all the experimental animals according to the procedure de- 
scribed by Ingle (6). Penicillin (100,000 units) and streptomycin (20 mg.), 
dissolved in 0.9 per cent saline, were injected intraperitoneally at the con- 
clusion of the operation to prevent septicemia. Animals allowed to survive 
longer than 4 hours were given intravenous administrations of glucose plus 
antibiotics at 4 hour intervals. 


Ta AEs 
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Progesterone-4-C was administered intravenously in doses of 780,000 
to 800,000 c.p.m. (49 to 50 y) as a solution in either 25 per cent bovine 
serum albumin or in propylene glycol. The purity of the progesterone 
was checked both by its homogeneity on chromatography and by its con- 
stant specific activity on repeated crystallization. 

The animals were kept in metabolism cages, excreta were collected, and, 
after the desired time intervals, the animals were anesthetized with ether 
and sacrificed by withdrawal of blood from the abdominal aorta. Aliquots 
of the drawn blood plated on nutrient agar showed no bacterial growth in 
all cases. 

Tissues were removed and homogenized with sufficient distilled water to 











TABLE [| 
Reliability of Sampling and Counting Tissues and Urine 
M d Thick 

Material plated pi mae Sample thickness endieactivity convection 
P (Rr) X10" =| (Rr/Rs®) 

ml, me. per sq. on. c.p.m. 
Kidney homogenate..............| 0.05 | 0.35 + 0.027 | 1.84 + 0.047} 0.842 
- wai wank Sanaa ..| 0.10 | 0.62 + 0.03 | 1.65 + 0.05| 0.757 
- ” : .| 0.40 | 2.24 + 0.09 | 1.16 + 0.02] 0.533 
Urine....... .| 0.05 | 0.60 + 0.01 1.52 + 0.04 | 0.704 
sastieeneet ater .| 0.10 | 1.19 + 0.003 | 1.36 + 0.02 | 0.625 
PF ELE cetMg che airh ..| 0.40 | 4.53 + 0.005 0.78 + 0.02 | 0.356 














* Ro = amount of radioactivity present in each sample = 2.18 + 0.03 X 10‘ c.p.m. 
{ Each value represents the mean and the standard error of the mean for six 
determinations. 


produce a 10 per cent homogenate. Aliquots (0.05 to 0.4 ml.) of tissue 
homogenates, blood, urine, and intestinal contents from intact control rats 
were plated directly on aluminum plates for determination of isotope con- 
tent. All the samples were counted in internal flow counters long enough 
to give a standard error of 10 per cent or less. The reliability of sampling 
and counting such samples is indicated by the data contained in Table I. 
Correction factors for loss of radioactivity due to internal absorption of the 
sample were obtained from a plot of the thickness correction versus the 
sample thickness. 

Excretion of Radioactivity—After progesterone-4-C™ administration to in- 
tact male rats, radioactivity was rapidly eliminated from the tissues in 
agreement with the findings of others (4). The rates of excretion of radio- 
activity from intact and eviscerated rats are compared (Table IT) and show 
that, within 1 hour, radioactivity appeared in the urine and duodenal con- 
tents of the control, while none was present in the urine of the eviscerated 
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rats. The decrease in radioactivity of the duodenal contents of the con- 
trol animals from 5 to 22 hours indicates that the major portion of biliary 
excretion was completed prior to 22 hours. 

The distribution of radioactivity among tissues of intact and eviscerated 
male rats was also determined at 1, 5, and 22 hour intervals after the in- 
jection of progesterone-4-C™. Radioactivity was detectable in several tis- 
sues of the intact animals up to 5 hours, with the highest concentration 
being present in the liver (Table III). However, after 22 hours no isotope 
was measurable in any tissue. By contrast, the concentration of C was 
considerably higher in tissues of the eviscerated rats and remained high 
during the 22 hours of the experiment. A tendency for radioactivity to 
accumulate in kidneys and adrenals was indicated. 








TABLE II 
Excretion of Radioactivity after Intravenous Injection of Progesterone-4-C* 
to Male Rats 
After injection 
Rat preparation and excretion route 
1 hr. 5 hrs. 22 hrs. 





c.p.m. \percentt| c.p.m. | per centt| c.p.m. |percentt 











Intact rats Urine 27,000} 3.4 | 31,600} 4.0 | 46,800/ 5.9 

ie Duodenal con- | 13,520} 1.7 | 226,000] 28.3 | 23,800} 3.0 
tents 

Eviscerated rats | Urine 0| 0 3,900} 0.5 | 5,700] 0.7 





Radioactivity in the urine is that accumulated over 1, 5, and 22 hours after in- 
jection. ‘‘Duodenal contents” refers to that of the upper third of the small intes- 
tine, at the time of sacrifice. 

* 800,000 c.p.m. (50 7). 

t Percentages of administered C". 


The réle of the adrenals and kidneys in the distribution of radioactivity 
in the eviscerated female was next investigated. For this experiment fe- 
male rats were separated into four groups of five animals each and sub- 
jected to surgery according to the following plan: Group A, eviscerated 
only; Group B, eviscerated and nephrectomized; Group C, eviscerated and 
adrenalectomized; and Group D, eviscerated, nephrectomized, and adre- 
nalectomized. Tissues were removed from the rats 1 hour after injection of 
progesterone-4-C™, and the isotope content of each tissue was determined. 
The results are presented in Table IV. No accumulation of radioactivity 
was evident in either uterus or ovaries, since in most groups the isotope 
content of these tissues was equal to or less than the value for blood. The 
tendency for accumulation in kidneys and adrenals observed in the study 
with males was substantiated in this experiment. However, the removal 
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TaBLeE III 


Change with Time of Isotope Content of Tissues after Intravenous Injection of 
Progesterone-4-C™ to Intact and Eviscerated Male Rats* 


The values are given in counts per minute per mg. 





























After injection 
Tissue 1 hr. 5 hrs. 22 hrs. 

Intact Eviscerated Intact Eviscerated | Intact | Eviscerated 

cont cont an pa a & 

Blood.........| 4.2] 0.53 |47.0| 3.0 1.5] 0.25 |14.8) 1.5 | 0] 0 |31.6] 2.5 

eS TOR 13.9] 2.6 11.4] 2.7 0; 0 

Kidneys........ 9.1} 0.47 |38.0| 2.6 4.5| 0.18 |29.3| 1.48 | 0 | O |28.4/] 1.79 

Adrenals. ...... 4.8| 0.04 |28.0) 0.05 | 4.9} 0.04 |30.0| 0.08 | 0 | O \77.5| 0.05 

oe 2.2] 0.19 |21.6/] 0.83 | 3.0] 0.21 |13.7| 0.58 | 0 | O |20.4| 0.97 
Seminal ves- 

ee ee 2.7| 0.13 | 1.1) 0.04 | 1.1] 0.05 | 0] 0 | 6.5] 0.07 
Submaxillary 

0 ETE 0 0 20.5) 0.21 20.8) 0.18 8.8) 0.21 

Thymus.......| 0 0 25.4| 0.30 [13.3 0.14 | 20.0} 0.14 


























* 800,000 c.p.m. (50 y). Each column presents the data from a single animal. 
t Percentages of the administered C™ found in each tissue. 


TABLE IV 


Average Distribution of Radioactivity in Tissues of Female Rats 1 Hour 
after Intravenous Administration of Progesterone-4-C'** 








‘ - Eviscerated; 
. : . Eviscerated; Eviscerated; rae 
Tissue Eviscerated only auphuectemiaad oleate’ ee 
c.p.m. per mg. a c.p.m. per mg. oman c.p.m. per mg. eat c.p.m. per mg. & 
Blood. ..|24.9+ 1.8/1.6 |25.94 5.1/1.7 |21.742.3/1.4 |30.84 3.1/1.9 
Kidneys.|58.6+ 4.3} 2.4 55.8 + 6.3/1.8 


Adrenals |90.2 + 13.1 | 0.07 61.8 + 17.2 | 0.05 
Uterus. .|22.0+ 3.5/0.13 18.84 4.0| 0.14 |14.4 + 5.6/ 0.15 |16.6 + 4.1|0.17 
Ovaries. .|30.9 0.07 |23.8 0.07 |15.1 0.09 |32.4 0.10 





























* 780,000 c.p.m. (49 y). Specific radioactivities are expressed per unit of dry 
weight of tissue. Each group contained five animals; the mean values and the 
standard error of the mean are given. Ovaries removed from members of a group 
were pooled prior to assay. 

¢ Percentages of the administered C found in each tissue. 
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of the kidneys or adrenals did not significantly affect the distribution of 
isotope among other tissues. 

In the studies of eviscerated male and female rats, the radioactivity in 
organs and tissues other than those listed in Tables III and IV was also 
determined. These included pituitary gland, brain, heart, lung, lymph 
nodes, salivary glands, prostate, muscle, and peritoneal fat. None of these 
tissues had a specific radioactivity greater than the value for blood in the 
corresponding animal. 

Separation of Steroids—The chemical nature of the material containing 
the labeled carbon atom in the tissues of the female rats comprising Groups 
A, B, C, and D mentioned previously was investigated. Tissues to be 
studied, having been removed, homogenized, and assayed for radioactivity, 
were extracted by a modification of the Zaffaroni dialysis-extraction tech- 


TABLE V 


Recoveries of Radioactivity Obtainable with Zaffaroni Dialysis-Extraction Technique 
from Tissue Homogenates of Female Eviscerated Rats comprising Groups 








A, B, C, and D 
Tissue No. of homogenates extracted Recovery* 
per cent 
ES iis sala cobiee aa eduiea eons 10 46+ 9 
SEES a: 5: gic sdesecisshimiacaner RMA Blas 20 51+ 3 
IS, 5 hi cline Aecacaihaenis Maced 20 5444 5 
CNN 5.54.2. enddaalatalees Su 20 65 + 8 











* Mean recoveries and the standard errors of the mean. 


nique (7). In this procedure the tissue suspension was brought to 50 per 
cent methanol concentration and dialyzed through a cellophane membrane 
against 50 per cent methanol plus a layer of ethylene dichloride. Extrac- 
tion was continued for 96 hours with three changes of ethylene dichloride. 
By this technique it was possible in one operation to obtain steroid frac- 
tions which were sufficiently free of pigmented material and fat to be chro- 
matographed directly on paper. In Table V are recorded recoveries of 
radioactivity from crude tissue homogenates obtained by the dialysis-ex- 
traction technique. 

The ethylene dichloride extracts were evaporated to dryness under nitro- 
gen, redissolved in a small volume of methanol-ethylene dichloride, and 
applied to narrow strips of Whatman No. | filter paper for chromatography 
by the Zaffaroni (8) method. Spots of radioactivity were detected by 
counting consecutive 2 cm. pieces of the chromatograms directly in flow 
counters. It may be seen from Fig. 1 that the progesterone-4-C™ employed 
in these studies was chromatographed as a single spot. Also shown in Fig. 
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1 are the results of two control experiments in which progesterone-4-C¥ 
was homogenized with tissue from uninjected rats. According to these re- 
sults, no in vitro metabolism of progesterone occurred during either homog- 
enization or extraction of the tissues. 

In contrast to the chromatograms in Fig. 1, chromatography of extracts 
of all the tissue homogenates and blood samples from the female eviscerated 
rats gave results similar to those illustrated for the ovaries from these ani- 
mals (Fig. 2). Regardless of the tissue from which the extract was ob- 
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Fig. 1. The two top sections of the figure give chromatographic results of control 
experiments in which progesterone-4-C™ was homogenized with blood and kidneys 


from uninjected rats. Progesterone was extracted from tissues by dialysis-extrac- 


tion technique. In the bottom part of the figure is the chromatogram of a solution of 
progesterone-4-C" in propylene glycol. All three chromatograms were developed 
for 7 hours in heptane-formamide (8). 


tained, the chromatograms usually contained five zones of radioactivity. 
However, if either the amount of fatty contamination or the quantity of 
steroid mixture applied to the paper was large, there was a tendency for 
Zones 3 and 4 not to be resolved. 

Because of incomplete separation of the zones in some cases, only rough 
estimations could be made of the amounts of radioactivity in each of the 
five zones separated by chromatography (Table VI). However, these esti- 
mations do indicate differences in the chromatographic distribution pat- 
terns of the various tissues. For example, the kidney extracts contained 
a larger proportion of non-polar material, Zone 5, than did the other tis- 
sues, Ovaries were rich in the material constituting Zone 4, and the highest 
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concentration of radioactivity obtained from any of the tissues appeared 
in Zone 1 of the adrenal extracts. 


Each zone of radioactivity was eluted from the chromatograms with ab- 
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Fic. 2, Chromatogram of extracts from rat ovaries obtained from eviscerated rat 


Group D. Hexane-formamide (8) system was used with a running time of 5 hours. 


TaBLe VI 


Average Distribution of Radioactive Constituents in Extracts of Tissues of Female 
Eviscerated Rats As Determined by Chromatography 














Per cent total radioactivity on chromatogram 
Tissue 

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 
EE eet. Abana ses 23 27 20 21 9 
MD Sin. ea ea leptee oe ees 27 6 18 16 33 
NDE 33 ste kc estes r 25 13 20 20 22 
sich. 3 ano beh Reese. oe io 12 27 17 33 ll 
ER ee ee ee 49 8 11 24 8 

















Tissue extracts were chromatographed in the Zaffaroni (8) hexane-formamide for 


5hours. Radioactivity was measured on 2 cm. sections of the chromatogram in a 
flow counter. 


solute methanol and chromatographed again in an appropriate system with 
either the Zaffaroni (8) or the Bush (9) technique. Known steroids were 
chromatographed alongside as an aid in characterization, and a compari- 
son of the mobilities of the radioactive substances with the mobilities of 
known steroids permitted an estimation of the number of oxygen atoms 
present in the unknown. Zone 1 was chromatographed in benzene-55 per 
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cent aqueous methanol and separated into three components with Ry val- ; 
ues of 0.18, 0.32, and 0.80. When chromatographed separately in benzene- en 
55 per cent aqueous methanol or chloroform-formamide, these three com- 
ponents could not be further divided. They were considered to be ig 
homogeneous compounds and were designated Compounds la, 1b, and le, | 
All three compounds absorbed ultraviolet light in the region of 240 my, a 
indicating the probable presence of the A‘-3-ketone grouping. Compounds 


la and 1b moved in similar manner to steroids containing 5 oxygen - 
atoms; Compound 1c moved like an O, steroid. : 

Zone 2 was chromatographed as a single spot, both in heptane-forma- i 
mide (Rr, 0.22) and in Skellysolve C-85 per cent aqueous methanol (Ry, * 


0.27). This compound, designated Compound 2, also absorbed ultraviolet 
light. It gave a dark blue color with iodine (10) and formed an acetate. 
The acetate had an Ry of 0.84 in heptane-formamide. The mobility of 
Compound 2 in the two systems used indicated that it had only 2 oxygen 
atoms. By chromatography it could not be identified with any of the fol- 
lowing known compounds: A*‘-pregnen-208-ol-3-one, A‘-pregnene-3 , 11 ,20- 
trione, A‘-pregnen-17-ol-3 ,20-dione, A*-pregnene-3 ,6,20-trione, A*-preg- 
nen-68-ol-3 ,20-dione, pregnane-3a,20a-diol, A‘:*-pregnadiene-3 , 20-dione, 
A‘-1_pregnadiene-3 ,20-dione, A‘-pregnen-208-ol-3 ,11-dione, and _allopreg- 
nan-3a-ol-20-one. 

Zones 3 and 4 could be completely separated by chromatography in hep- 
tane-formamide if the solvent were allowed to run twice the time neces- 
sary to reach the end of the paper. Neither of these zones could be fur- 
ther divided by chromatographing in heptane-formamide (Ry, 0.39 and 
0.45), Skellysolve C-85 per cent aqueous methanol (Rr, 0.50 and 0.59), or} ;,. 
Skellysolve C-95 per cent aqueous methanol (Ry, 0.34 and 0.45). Conse-} of 
quently, the two substances were referred to as Compounds 3 and 4. Com- 
pound 3 did not absorb ultraviolet light. It formed an acetate which had ey 
an Ry of 0.9 in heptane-formamide. Compound 4 did absorb ultraviolet | pr 
light, and it could not be acetylated. sig 

Zone 5 was chromatographed as a single spot in heptane-formamide (Ry, | fo 
0.63) and in Skellysolve C-95 per cent aqueous methanol (Rr, 0.49). It} ce 
was therefore considered homogeneous and was called Compound 5. This 
compound did not absorb ultraviolet light and did not form an acetate. 

The chromatographic mobilities of the seven substances just described 
are incompatible with those of all known conjugated steroids; such com- § vi 
pounds would not move from the origin in any of the systems used here.f wi 
Since only about 4 per cent of the administered isotope was present in the} to 
blood and other specific organs analyzed, it seemed important to determine} (4 
the nature of the radioactive compounds in the remainder of the carcass. | on 
Consequently, the residual carcasses were ground thoroughly in a meat} T! 
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grinder and extracted with several changes of boiling acetone until no ra- 
dioactivity was detectable in the tissue. This acetone extract was pre- 
pared for chromatography by the accompanying purification Scheme 1. 
It may be seen that 91 per cent of the administered radioactivity was re- 
covered from the residual carcass. Partitioning the carcass extract be- 
tween 70 per cent methanol and hexane yielded a methanol fraction which 
could be successfully chromatographed, although it contained only 62 per 
cent of the radioactivity originally injected. Only the seven compounds 
described earlier were found in this material. The hexane fraction, which 
contained 26 per cent of the radioactivity injected, was not as thoroughly 
characterized because of the large amount of fat which it contained; how- 


Residual rat carcass (91) 


1. Ground 
2. Extracted with acetone 


4 4 


Acetone Residue 





1. Evaporated 
2. Partitioned between 70% 
methanol and hexane 





_# 
Hexane (26) Methanol (62) 


ScnEeME 1. Flow diagram of extraction procedure used to separate constituents 
from eviscerated rat carcasses. The figures in parentheses represent the per cent 
of the administered dose. 


ever, chromatography of aliquots of the hexane fraction showed only the 
presence of relatively non-polar compounds. The results indicate that no 
significant amount of polar, water-soluble conjugates, such as are ordinarily 
found in the excreta of intact animals, is formed in the absence of the vis- 
cera. 


DISCUSSION 


The distribution of radioactivity in normal rats is compatible with the 
view that metabolites of progesterone accumulate rapidly in the liver from 
which they are discharged mainly via the bile into the intestinal tract and, 
to a lesser extent, into the blood eventually to be excreted in the urine 
(4,5). It would seem that the excretion of metabolites depends primarily 
on the formation in the liver of highly water-soluble steroid conjugates (1). 
The present investigation indicates that no detectable conjugation with 
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such compounds as glucuronic and sulfuric acids takes place in the absence 
of the liver, since 91 per cent of administered radioactivity was accounted 
for in the eviscerated rats as compounds of low water solubility and rela. 
tively low polarity. The present study also shows that associated with 
the failure to form water-soluble conjugates is a concomitant retention of 
metabolites in the peripheral tissues of eviscerated rats. 

Perhaps of greater importance than understanding the mechanisms of 
excretion is a consideration of the differences between ‘“‘metabolism” and 
‘Snactivation” (1). Evidence seems well founded that the liver is the ma- 
jor site for the biological inactivation of progesterone (1). However, in 
view of the extensive extrahepatic metabolism observed in this study and 
the hormonal activity of peripherally administered progesterone, an im- 
portant question would seem to be, “Is the hormonal action of peripherally 
administered progesterone due to the metabolic changes occurring in extra- 
hepatic tissues, or do these reactions inactivate the hormone but at a rela- 
tively slow rate with respect to the changes occurring in the liver?” 

A result of this work which has a possible bearing on this point is the 
finding that destruction of the A‘-3-ketone configuration occurs only to a 
minor degree in the absence of the liver. The inactivation of progesterone 
by the liver and the capacity of this organ to reduce ring A may be related 
phenomena. Before any positive statements can be made in answer to the 
question posed, however, it will be necessary to determine whether the 
metabolites found have any biological activity and where the observed met- 
abolic changes occur. Work on the identification of the seven compounds 
reported in this paper is being pursued preparatory to biological testing. 
As to the site of extrahepatic metabolism, for the present it can only be 
said that either the chemical transformations occur in all peripheral tissues 
or they occur in tissues other than kidney and adrenal. However, it seems 
highly probable that these latter two glands do take some part in proges- 
terone metabolism, since there are differences between them and other tis- 
sues in the proportionate distribution of radioactivity among the various 
metabolites. The proportion of the highly oxygenated compounds present 
in adrenals could be due to enzyme systems present in this tissue capable 
of converting progesterone to various adrenal hormones (11, 12). 


The authors wish to express their appreciation to Dr. Leo T. Samuels, 
Head of the Department of Biological Chemistry, for his interest and many 
valuable suggestions. 


SUMMARY 


Intravenously administered progesterone is extensively metabolized in | 
hour by eviscerated rats. After this interval, seven compounds could be 
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isolated from the tissues of these animals. Metabolism occurs with or 
without the presence of the kidneys or adrenals. No polar metabolites sim- 
ilar to the conjugates with glucuronic or sulfuric acid usually present were 
found in the eviscerated rats. Five of the seven compounds isolated retain 
the A‘-3-ketone configuration. Further chemical characterization of these 
compounds is given, but they are not specifically identified. 
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THE METABOLISM OF PROGESTERONE TO At-PREGNEN-20e- 
OL-3-ONE IN EVISCERATED FEMALE RATS* 


By WALTER G. WIEST 


(From the Department of Biological Chemistry, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, July 12, 1955) 


A previous report from this laboratory showed that seven radioactive 
steroids could be separated from the tissues of eviscerated female rats given 
progesterone-4-C™ 1 hour prior to sacrifice (1). One of these compounds, 
designated as Compound 2, retained the A‘-3-ketone configuration; in ad- 
dition, it formed an acetate under mild conditions and reacted on paper 
chromatograms with iodine to give a blue color. A blue reaction with 
iodine has been shown to be limited to only a few steroids of a large num- 
ber tested (2). This paper presents the identification of Compound 2 as 
A‘-pregnen-20a-ol-3-one. 


EXPERIMENTAL 


Isolation and Identification of Compound 2—Five young adult Sprague- 
Dawley rats weighing approximately 200 gm. each were eviscerated by the 
Ingle technique (3) and, in addition, were adrenalectomized. After sur- 
gery, penicillin and streptomycin dissolved in normal saline were injected 
intraperitoneally. Twice recrystallized progesterone, m.p. 128-129°, was 
dissolved in propylene glycol, 50 mg. per ml. The solution was super- 
saturated at room temperature and had to be warmed to 50° prior to use 
to prevent crystallization of the steroid. 0.1 ml. of the progesterone so- 
lution was injected into the left saphenous vein of each rat, and the ani- 
mals were allowed to survive for 2 hours after injection. They were then 
sacrificed, frozen immediately, and the skins and tails removed and dis- 
carded. The frozen carcasses were ground together in a meat grinder and 
extracted with a solvent mixture composed of 25 ml. of ethylene dichloride, 
25 ml. of 95 per cent ethanol, and 50 ml. of ethyl acetate. The extraction 
procedure, repeated seven times, consisted of triturating the ground tissue 
in approximately 1 liter of solvent at 30-40° and pressing the extract 
through cotton toweling. Separation of steroids from the carcass extract 
was accomplished as outlined in the accompanying Scheme 1. Through- 


* This work was supported in part by research grants from the National Cancer 
Institute of the National Institutes of Health, Public Health Service, from the Amer- 
ican Cancer Society upon recommendation of the Committee on Growth of the Na- 
tional Research Council, andfrom Armour and Company, Chicago, Illinois. 
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out the manipulations all evaporations were carried out in vacuo under 
nitrogen, and the temperature was never allowed to rise above 40°. The 
ethylene dichloride solution (VI) on evaporation yielded 2 gm. of gummy 
residue. Yields of steroid-containing fractions obtained from subsequent 
purification procedures are given in the scheme. Paper chromatographic 
analysis of fraction XIV indicated about 50 per cent steroid, largely un- 
metabolized progesterone. A similar study, employing the same extrac- 
tion and separation procedures but used to separate progesterone-4-C 
and its metabolites from rat carcasses, gave a yield, based on radioactivity, 
of 75 per cent. 

Final separation of Compound 2 from other steroids present in fraction 
XIV was accomplished by chromatography in the Zaffaroni heptane-form- 
amide system (4) by using three filter paper strips, each 17 cm. wide, and 
allowing 5 hours for development. On examination with ultraviolet light 
each paper showed three absorption bands: a narrow band at the origin, a 
sharp discrete band 9 cm. from the origin, and a wider band with its center 
25 em. from the origin. While still wet with formamide, each area was 
cut out and eluted, the two lower bands with hexane and the material at 
the origin with ethylene dichloride. Eluates from similar bands in the 
three chromatograms were then combined. 

The mobility of the middle band and its blue reaction with iodine indi- 
cated its identity with Compound 2 of our previous studies (1). Work was 
then directed toward further characterization of this substance. Evap- 
oration of the hexane gave a light yellow crystalline residue. This material 
was recrystallized once from acetone and yielded 2.57 mg. of colorless ma- 
terial, m.p. 131-158°. The crystalline material was analyzed by infra-red 
spectroscopy and showed a hydroxyl peak at 2.75 uw and a peak at 6.00 u 
indicative of the A‘-3-ketone grouping. 

Since the Ry of Compound 2 in the hexane-formamide system was 
roughly comparable to that of pregnan-3a-ol-20-one and yet the com- 
pound absorbed ultraviolet light in the 240 my region characteristic of 
A‘-3-ketosteroids, it seemed probable that it was produced by the biological 
reduction of the 20-carbonyl group of progesterone to yield A‘-pregnen-20- 
ol-3-one. Consequently 80 y of A*-pregnen-20a-ol-3-one' and 70 y of Com- 
pound 2 were chromatographed on separate strips of paper 2 em. wide in 
formamide-hexane for 10 hours. Spots were located by ultraviolet scan- 
ning. A facsimile of the chromatogram is given in Fig. 1, Strip 1. The 
strips were treated with iodine, and both spots gave the same blue color 
reaction. 

Infra-red spectroscopic analysis was made of the A‘-pregnen-20a-ol-3- 


1 Kindly furnished by Dr. A. Butenandt, Max Planck Institute, Tiibingen, Ger- 
many. 
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one obtained from Dr. Butenandt and of crystalline Compound 2. It was The : 
found that the position and intensity of the absorption bands agreed within | * th 
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progesterone as shown by chromatography of the product in heptane-formamide for d 
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105- 
one to progesterone (6) were applied to Compound 2 and resulted in its | ima 
conversion to the hormone. 100 each of Compound 2 and of progesterone | tate 
were dissolved in 0.025 ml. of glacial acetic acid containing 45 y of Cr0; ‘ 
and were allowed to remain at room temperature for 30 minutes. At the | imp 
conclusion of this time the two solutions were chromatographed for 7 hours | ider 
in heptane-formamide together with untreated Compound 2 and proges- | gest 
terone. The chromatogram is reproduced in Fig. 1, Strip 2. All four | of 2 
spots were clearly visible as dark areas when viewed by ultraviolet light. | Was 
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The first three spots gave a yellow color with iodine, while the fourth, due 
to the untreated Compound 2, gave a blue color with this reagent. 

The mother liquor obtained from the recrystallization of Compound 2 
was evaporated to dryness. 4 drops of pyridine and 6 drops of acetic 
anhydride were added. The mixture was allowed to stand overnight at 
room temperature, and was then chromatographed on two strips of filter 
paper, each 17 cm. wide, in a modified Zaffaroni system. In this system 
the paper was impregnated with 80 per cent formamide in methanol, blot- 
ted, and the chromatogram developed with pentane at 1°. On scanning 


TABLE | 
Infra-Red Absorption Maxima 





| 





| | 
Compound 2 | A‘-Pregnen-20a-ol-3-one | Compound 2 acetate a ~ 
“ | u » | u 
2.75, 3.41, 3.48, | 2.70, 3.44, 3.51, | 5.76, 5.96, 7.33, 5.76, 5.96, 
6.00, 6.19, 6.92, 6.00, 6.19, 6.92, | 7.53, 7.66, 7.91, 7.51, 7.63, 7.88, 
7.28, 7.39, 7.53, 7.27, 7.38, 7.52, | 8.04, 8.45, 8.64, 8.02, 8.42, 8.62, 
8.67, 8.73, 9.05, 8.69, 8.72, 9.01, | 8.71, 8.93, 8.97, 8.69, 8.89, 8.96, 
9.89, 10.02, 10.57, 9.92, 10.02, 10.56, 9.06, 9.30, 9.47, 9.05, 9.28, 9.44, 
11.11, 11.56 11.10, 11.58 | 9.82, 10.54, 10.75, 9.79, 10.53, 10.72, 


12.15, 12.89, 14.66 | 12.10, 12.86, 14.63 





In infra-red studies a Perkin-Elmer recording spectrophotometer model 21 was 
employed. Compound 2, 2.5 mg. per 0.4 ml., and A‘-pregnen-20a-ol-3-one, 1.0 mg. 
per 0.1 ml., were analyzed in chloroform. The analysis of A‘-pregnen-20a-ol-3-one 
required the use of a micro cell. Acetate of Compound 2, 3.0 mg. per 0.4 ml., was 
analyzed in carbon disulfide. 

* Data taken from Hirschmann et al. (5). 


with ultraviolet light, bands 6 to 7 cm. wide were observed with centers 
at Ry 0.3. These bands were cut from the formamide-impregnated papers 
and eluted with heptane. The two solutions were combined and evap- 
orated to a crystalline residue. This was recrystallized from pentane, m.p. 
105-134°. Infra-red spectroscopic analysis (Table I) gave absorption max- 
ima corresponding with those published for A‘-pregnen-20a-ol-3-one ace- 
tate, m.p. 141-142° (5). 

While sufficient recrystallization to obtain a sharp melting point was 
impossible because of the limited amount of material, Compound 2 was 
identified by its mobility and infra-red absorption, by oxidation to pro- 
gesterone, and by acetylation to a compound giving the infra-red spectrum 
of A‘-pregnen-20a-ol-3-one acetate. Not enough A‘-pregnen-208-ol-3-one 
was available for determination of its infra-red spectrum, but chromato- 
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graphic mobilities of the two compounds are discrepant (Compound 2 Ry, 
0.32; A‘-pregnen-208-ol-3-one R,, 0.51; in hexane-formamide) (1). 


DISCUSSION 


A‘-Pregnen-20a-ol-3-one was first synthesized by Butenandt and Schmidt 
(7). Since this steroid and its acetate were both tested and found to be 
progestationally inactive in the Clauberg test at the 1 mg. level, no further 
consideration has been given to the compound in subsequent work. To 
our knowledge this represents the first reported instance of the identifica- 
tion of A‘-pregnen-20a-ol-3-one as a metabolite of progesterone. The two 
compounds identified as major metabolites of progesterone in the human 
being are pregnan-3a-ol-20-one and pregnane-3a,20a-diol (8, 9). It has 
been assumed that in man the initial metabolic reactions involved reduc- 
tion of ring A and occurred in the liver (8). However, Zander and von 
Miinstermann (10) and Butt e¢ al. (11) have reported a compound in the 
plasma of pregnant women which moved with respect to progesterone much 
like the compound we have described here. It may be that reduction of 
the 20-carbonyl group occurs in human peripheral tissues as well as in the 
rat, and that pregnanolone and pregnanediol are synthesized in the liver 
by reduction of ring A of progesterone and peripherally formed A‘-pregnen- 
20a-ol-3-one, respectively. It must be remembered, however, that the 
products of progesterone metabolism in the normal rat have not yet been 
described in the literature, and these do seem to be different from those in 
the human being.? 


The technical assistance of Miss Mary Lou Sears is gratefully acknowl- 
edged. 


SUMMARY 


Compound 2, a metabolite of progesterone in eviscerated female rats, 
has been identified as A‘-pregnen-20a-ol-3-one. Its identification is based 
on a comparison of physical and chemical properties of the free compound 
and its acetate with those of the authentic compounds. These properties 
include infra-red spectra, chromatographic behavior, reaction with iodine, 
and oxidation to progesterone. 
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MECHANISM OF ACTION OF 5’-NUCLEOTIDASE* 


By D. E. KOSHLAND, Jr., anp SYLVIA STEIN SPRINGHORN 
(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, November 18, 1955) 


The enzyme 5’-nucleotidase was originally discovered in the venom of 
snakes (1) and later shown to be present in mammalian tissues (2-5) and 
bull seminal plasma (6). It has recently been extensively purified and 
characterized by Heppel and Hilmoe (7). The enzyme was shown to hy- 
drolyze 5’-nucleotides rapidly, ribose-5-phosphate slowly, and other phos- 
phate esters extremely slowly, if at all. Because of its importance in nu- 
cleotide metabolism and its interesting specificity pattern, a study of the 
mechanism of action of the enzyme was initiated. 

In order to determine whether carbon-oxygen or phosphorus-oxygen 
bond rupture occurred during the hydrolytic action, the hydrolysis of aden- 
osine-5-phosphate was followed in H,O"8 (see Equation 1). After the 
cleavage point was determined, exchange experiments of adenosine-C™, 





| 
Adenine—O—C—C—-C—-C—-C—-O—PO; + H:0"8 (1) 
(a) _Ad—O—'—PO; 
H—:-—0O"H — Ad—OH + HO"PO; 
he , 
bee Ad—i—OPO; — Ad—O"H + HOPO; 
HO“——H 
KH.P#O,, and H,O* with AMP,! and of H,O' with KH2PO,, were per- 
formed to test the type and life time of the enzyme-substrate interme- 
diates. 


EXPERIMENTAL 


Hydrolysis of Adenosine-5-phosphate in H,O"%—The enzyme solution (528 
units of a purified preparation kindly supplied by Dr. Heppel and Dr. 
Hilmoe) was added to 50 ml. of H,O"8 (about 1.2 atom per cent excess) 
containing sufficient solid materials to make the final solution 0.04 m in 
adenylic acid, 0.08 m in glycine, and 0.14 m in magnesium chloride. (Ra- 
dioactive KH:PO, was added as an analytical control for the H,O'*-AMP 
exchange experiment described below.) The solution, after adjustment to 


* Research carried out at the Brookhaven National Laboratory under the auspices 
of the United States Atomic Energy Commission. 

1 The following abbreviations were used: AMP for adenosine-5-phosphate, Ad for 
adenosine, E for enzyme. 
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pH 8.5 with solid potassium hydroxide, was allowed to stand for 2 hours 
at 37°. Samples were then removed for determining the O' content of 
the medium and the per cent hydrolysis, which was usually about 50 per 
cent (see below). The inorganic phosphate was precipitated as the barium 
salt, dissolved in 0.2 nN HBr, and reprecipitated three times to remove im- 
purities. The barium phosphate was then converted to KH:PO, with 
Dowex 50 ion exchange resin (or by sulfate precipitation), isolated, repre- 
cipitated, and pyrolyzed in a manner similar to that described by M. Cohn 
(8). The O'* content of the inorganic phosphate was calculated from the 
O* content of the CO, measured in the mass spectrometer by using a for- 
mula similar to the one developed by Dostrovsky and Klein (9). 

Exchange Experiment between HO" and Adenylic Acid—After removal of 
the barium phosphate in the hydrolysis experiment described above, the 
remaining solution was lyophilized. The dry residue was dissolved in or- 
dinary distilled water, and unlabeled phosphate was added and removed 
as the barium salt. Samples were removed to determine the O' content 
of the medium and the amount of inorganic phosphate. The adenylic acid 
present in the supernatant liquid was then hydrolyzed with alkaline phos- 
phatase or 5’-nucleotidase. The phosphate produced in this second hydrol- 
ysis was precipitated as the barium salt, purified, and analyzed as described 
above. Counts of the P® activity were made to correct for any phosphate 
produced in the initial hydrolysis in H,O'* which had “leaked through” 
into the unhydrolyzed ester determination. 

Exchange Experiment between HO" and Inorganic Phosphate—In a typi- 
cal exchange experiment the enzyme (442 units) was added to 49 ml. of 
H,0" containing 0.02 m KH2PO, and 0.008  tris(hydroxymethyl!)amino- 
methane buffer (pH 8.5). After 29 hours at 37°, more enzyme (442 units) 
was added, and an aliquot was removed to determine the O" content of 
the medium. The reaction was stopped after 52 hours by adding barium 
chloride and removing the phosphate precipitate by centrifugation. The 
inorganic phosphate was separated and analyzed as described above. 

In some of the experiments the enzyme was partially inactivated by heat- 
ing at 60° or 70° for varying lengths of time. The amount of inactivation 
was measured by assay under standard conditions after the heat treatment. 

Exchange Experiment between Adenosine-C'' and Adenylic Acid—Con- 
mercial C'*-labeled adenosine was purified by chromatographing and re- 
chromatographing with additions of inactive adenylic acid. The purified 
adenosine-C™, sufficient to give final concentration 0.008 m, was added to 
a solution containing 9.8 units of enzyme per ml., 0.039 m AMP, 0.08 m 
glycine, and 0.14 m MgCl, at pH 8.5. The solution (0.5 ml. total) was 
incubated for 2 hours at 37° until 48 per cent of the adenylic acid had been 
hydrolyzed and was then added to the Dowex 1 column. The fractions 
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were eluted by a modification of the procedures of Cohn and Carter (10). 
The principal changes were the introduction of larger wash volumes and 
of inactive carrier adenosine to eliminate contamination of the adenylic 
acid fraction by adenosine-C™. 

Exchange Experiment between KH,P®O, and Adenylic Acid—To a solution 
containing 0.04 m adenylic acid, 0.08 m glycine, 0.16 m MgCl, and 8.6 
units of enzyme per ml. at pH 8.6 was added 0.08 mc. of P® activity as 
KH;PO,. After 2 hours incubation at 37°, the adenylic acid was hydro- 
lyzed to the extent of 42.5 per cent. The inorganic phosphate formed was 
then eliminated as the barium salt. Inactive inorganic phosphate was 
added to the supernatant liquid and again precipitated as the barium salt. 
This procedure was repeated until adenylic acid of constant specific activ- 
ity was obtained. 


TaBLeE I 
Hydrolysis of Adenosine-5-phosphate in HO" Catalyzed by 5'-Nucleotidase 


The conditions were 0.04 m adenylic acid, 0.08 m glycine, 0.14 Mm MgCls, 10.6 units 
of enzyme per ml.; total volume = 50 ml., pH 8.5, 2 hours at 37°. 








| O'8 atom per cent excess of phosphate produced 











Experiment No 0 atom per cent | e ‘aii ae 





excess medium . Calculated 
| el Calculated for : 

| Observed P—O splitting pan et 

~~~ ~|——_—— — Ee eee cinesteinianethdetniadl kacidllicatibintienoiite 
1 1.1 0.28 0.28 | 0 
2 | 2 | 0.28 ea ee 
| 
Results 


The results of the hydrolysis and exchange experiments are presented 
in Tables I to V. 

In Table I, the O'8 content of the inorganic phosphate is seen to agree 
with the theoretical value calculated for cleavage of the P—O bond during 
hydrolysis (see Equation 1, a). The theoretical value is one-fourth that 
of the medium because of the symmetrical nature of the phosphate ion and, 
the presence of the 3 unlabeled oxygen atoms. The slight discrepancy 
between theoretical and observed values is within experimental error and 
does not indicate an alternate pathway of hydrolysis. 

In Table II are presented the analyses of the unhydrolyzed adenylic 
acid in the hydrolytic experiments run to about 50 per cent hydrolysis. 
The observed values must be corrected for the atom per cent excess of the 
medium (0.014) in which the second (analytical) hydrolysis was performed. 
Although the H,O"* had been removed by lyophilization, enough water of 
crystallization remained to give a slight but appreciable added O"* content 
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TABLE II 
Exchange of Oxygen between Adenosine-5-phosphate and H,O"* Catalyzed 
by 5'-Nucleotidase 
The conditions were 0.04 m adenylic acid, 0.08 m glycine, 0.14 m MgCle, 10.6 units 
of enzyme per ml.; total volume = 50 ml., pH 8.5, 2 hours at 37°. 





Initial hydrolysis in HxO* 





Atom per cent Observed atom ad 
Experiment excess of medium cent excess 0 
No. Per cent of during analytical phosphate from 
AMP hydrolysis AMP 


Corrected atom per 
cent excess in 
Atom per cent unhydrolyzed AMP 


hydrolyzed | &*cess medium 





47.6 1.13 | 0.014 0.005 +0.001 














1 

2 42.5 1.24 | 0.014 0.001 —0.003 
| | 
TABLE III 


Exchange of Oxygen between H,O'* and KH2PO, Catalyzed by 5’-Nucleotidase 


The conditions were 0.02 m KH2PO,, 0.008 m tris(hydroxymethyl)aminomethane, 
pH 8.5; total volume = 52 ml., 52 hours at 37°. 





| 








| | 
F . Total f Ps Per cent A | Atom per cent 
Experiment No. | Grape prise | Mactvation of |cenerens af medium] 700 inorganic 
ar | units | 
1 884 | 0 1.33 0.021 
2 | 884 85 | 1.19 | 0.014 
3 1460 10 | 1.16 0.029 
4 1460 | 98 | 1.17 | 0.016 
5 | 730 0 1.23 | 0.005 
6 730 0 1.23 0.009 
7 | 730 | 99 1.21 0.005 
8 730 99 1.21 0.005 
9 365 0 1.36 0.004 








* Total units present in initial enzyme solution before thermal inactivation. 
Thus, in Experiment 2 the actual solution added contained 133 active units of en- 
zyme and 751 units of enzyme which had been thermally inactivated. 


TABLE IV 
Exchange between Adenosine-C'* and Adenylic Acid Catalyzed by 5'-Nucleotidase 


The conditions were 0.039 m adenylic acid, 0.008 m adenosine-C™, 0.08 m glycine, 
0.14 m MgCl, pH 8.5; total volume = 0.5 ml., 2 hours at 37°. 





Experiment Per cent hydrolysis | phe pat nee be. 





No enzyme added.... ae | 0.02 
9.8 units enzyme per ml. added 48 0.05 
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to the water. The final corrected figure, therefore, is the observed atom 
per cent excess minus one-fourth that of the medium in the analytical hy- 
drolysis. ‘These values in the last column are clearly zero within experi- 
}units | mental error, and hence show that no appreciable exchange of the type 
seen in Equation 2 is catalyzed by the enzyme. 











H 

tome Der 0 O"H O- 

ie ee o 

H,0# + AdOPO;- = AdOPO = AdOPO" + H,20 

01 O- O- 

103 

er In Table III are some of the experiments designed to test the possibility 
of exchange of oxygen between water and inorganic phosphate (Equation 

3). In Experiments 1 to 4 the experimental error was larger than in the 

ase 

thei, HOPO;- + H.0" — HO"PO,- + H.0 (3) 
subsequent experiments. It is seen, however, that in the presence of vary- 

ae ing amounts of enzyme, activated or inactivated, the ‘‘O* content”’ of the 

ite phosphate was essentially constant and indicated no exchange. Since this 
persistent positive blank appeared to be caused by organic impurities, ad- 

| ditional purification steps were introduced, and Experiments 5 to 9 con- 

| firm the lack of exchange even when the experimental error is one-fifth of 

) the previous value. 

In Table IV the experiments on exchange of adenosine-C™ and adenylic 

acid are shown, and it is found that the exchange is less than 0.05 per cent 

) when the hydrolysis has proceeded to about 50 per cent. To obtain the 

5 low values illustrated, it was necessary (a) to purify the commercially ob- 

5 tained adenosine-C™ extensively to remove adenine and adenylic acid im- 

A purities and (b) to purify the adenylic acid fraction from the column care- 

catia fully to prevent contamination by small leaks from the adenosine fraction. 


of en- | Previous experiments with less purification had given agreement within 
experimental error between the enzyme experiment and the control without 
enzyme but at a higher contamination level (~0.2 per cent). The results 
with the improved purification show a slight difference between the control 
votidase | and the enzyme run which is of the order of the experimental error. 


slycine, Ad—O—PO;- + H.O = Ad—OH + HOPO;- (4) 





an tl A rough calculation of the amount of labeled adenylic acid produced by a 
fraction reversal of the over-all reaction of Equation 4 gives a figure of 0.016 per 
3 cent which is in agreement with the observed difference within experimental 
error. 


The exchange of inorganic phosphate with AMP is shown in Table V. 
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One possible route for such an exchange is by a reversal of the over-all 
reaction (Equation 4). A rough calculation indicates that 0.009 per cent 
of the originally added activity would be added to the AMP by this path- 
way. The observed result (0.015 per cent) is within experimental error of 
this value and indicates no alternate avenue for exchange of any impor- 
tance. 


DISCUSSION 
The O'8 experiments clearly establish that the phosphorus-oxygen bond 
is broken during the hydrolytic action catalyzed by the very specific 5’-nu- 
cleotidase. Experiments with O'* have already established that the non- 
specific acid and alkaline phosphatases (11, 12) and the moderately specific 
acetyl phosphatase (13) react through phosphorus-oxygen cleavage. Thus, 


TABLE V 
Exchange of Phosphate between KH2P**O, and Adenosine-5-phosphate Catalyzed by 
5’-Nucleotidase 
The conditions were 0.04 m AMP, 0.08 m glycine, 0.16 m MgCls, 8.6 units of en- 
zyme per ml., 0.08 mc. of KH.P*O,, pH 8.6, 2 hours at 37°, 42.5 per cent hydrolyzed. 








| Calculated per cent 
Purification step | AMP of — Ly activity 
in AMP fraction 








c.p.m. per umole 


kes ca 57.1 | 1.47 


ist purification............ 

2nd Paice Yep Sb Gaeesietese cases | 1.45 0.037 
3rd PRs ee eee ee | 0.52 0.013 
ge | 0.57 0.015 








all the phosphatases examined so far for cleavage point have been found 
to have P—O splitting, regardless of the specificity pattern of the particular 
enzyme. 

In previous publications evidence has been presented to show that the 
enzymatic substitution reactions proceed by displacement mechanisms (14, 
15). In the case of 5’-nucleotidase, the O'* data show that the displace- 
ment occurs on the phosphorus atom but do not establish whether the 
primary attack is made by water, 7.e. a single displacement mechanism, or 
enzyme, 2.e. a double displacement mechanism. (The frontside displace- 
ment mechanism can be excluded for phosphate cleavage because of the 
evidence that the non-enzymatic reactions proceed by bimolecular nucleo- 
philic substitution mechanisms (16).) Morton (17) has shown that the 
enzyme does not have transferase properties with glycerol as acceptor. 
Since glycerol is more similar to water than adenosine, it can be concluded 
that adenosine would be even less likely to substitute for water as an ac- 
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ceptor. Likewise, according to the specificity for 5’-nucleotides, water 
cannot replace adenosine at the donor site. Thus exchange of water with 
KH.PO, or of adenosine with AMP would have to occur via a phosphory] 
intermediate, and an observed exchange in either case would establish the 
mechanism in Equations 5 and 6. Neither was observed. 


ky 











AdOPO;" EH + EPO;" + AdOH (5) 
v1 
ke 
EPO; + H.O a EH + HOPO;- (6) 
v—2 


The results exclude certain alternatives: a stable phosphorylated enzyme 
intermediate, a rapid reversible first step (Equation 5) followed by a slow 
second step (Equation 6), or a slow first step followed by a rapid reversible 
second step. With the currently available data, however, a transient en- 
zyme-phosphate intermediate is still possible. 

A single displacement mechanism is also consistent with the data. In 
this case a direct attack of water on the phosphorus of the adenylic acid 
would occur in the hydrolysis, and any exchanges of H,O" with KH,PO, 
or of adenosine-C™ with AMP would require that water could occupy the 
adenosine site or adenosine occupy the water site. In view of the specific- 
ity pattern, neither would be possible (for a discussion of the specificity 
requirements for exchange, see Koshland (14)), and hence no exchange 
would be expected as is observed. The lack of exchange of oxygen be- 
tween H,O"* and the unhydrolyzed AMP, a criterion which has previously 


been used for hydrolytic reactions (18), indicates that no free addition inter- 
OH OH 


mediate of the type HO'*—P—OR is formed in the reaction. The single 


| 
OH 


displacement, if it is ultimately shown to be the actual mechanism, prob- 





re) O- 
H.0 + -OPO,Ad — |H.0----P----OAd| —> HOPO," + AdOH (7) 


o- 
ably proceeds as in Equation 7 with simultaneous breaking and forming of 
the bonds indicated by the dotted lines. 

The lack of exchange between KH.P®”O, and adenylic acid is consistent 
with the previous conclusions. Since a long lived EPO; intermediate was 


excluded, an exchange reaction of the type of Equation 8 would not be 
expected to compete successfully with the other modes of decomposition 


EPO; + KH,P0, — EP*O, + KH:2PO, (8) 
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of the intermediate. Similarly, exchange by a single displacement mech- 
anism, 7.e. by direct attack of phosphate on AMP, would be excluded by 
the cleavage point evidence and by the specificity pattern of the enzyme. 
Thus, it can be concluded that the 5’-nucleotidase catalyzes a displacement 
on phosphorus by either water or enzyme with formation of a transient 
intermediate. 


SUMMARY 


1. The point of bond rupture as a result of 5’-nucleotidase action has 
been studied during the hydrolysis of adenosine-5-phosphate in HO". The 
presence of a stoichiometric amount of O in the inorganic phosphate pro- 
duced is consistent with a displacement mechanism involving an attack 
on the phosphorus atom. 

2. No appreciable exchange was observed on incubating H,O" with either 
KH2PO, or adenylic acid. The very small exchanges observed on incu- 
bating adenosine-C™“ with adenylic acid or KH,P#O, with adenylic acid 
agree with the calculations for the amount incorporated by reversal of the 
over-all reaction and indicate no appreciable exchange by a partial reaction. 
The exchange experiments establish that the enzyme intermediate must be 
short lived with respect to decomposition to products. 


The authors wish to acknowledge the invaluable assistance of Dr. Lewis 
Freedman and Mr. John Dencienski with the mass spectrometry. 
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RESPIRATORY ENZYMES IN OXIDATIVE 
PHOSPHORYLATION 


VI. THE EFFECTS OF ADENOSINE DIPHOSPHATE 
ON AZIDE-TREATED MITOCHONDRIA* 


By BRITTON CHANCE anp G. R. WILLIAMS 


(From the Johnson Research Foundation, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, August 1, 1955) 


Papers I to IV of this series (1-4) have dealt with changes in the oxida- 
tion-reduction levels of the components of the respiratory chain upon initia- 
tion of oxidative phosphorylation in “tightly coupled” preparations of liver 
mitochondria. Changes in the oxidation-reduction levels of DPNH,! flavo- 
protein, and cytochromes b and c were readily recorded (3), while those due 
to cytochromes a and a; were of small magnitude and difficult to detect. 
Addition of a low concentration of azide, which does not appreciably in- 
hibit respiration or phosphorylation, greatly magnifies the steady state 
changes of cytochromes a3, a, and c caused by ADP addition. Thus cross- 
over points (1) in the respiratory chain can be accurately located. It is 
also possible to “‘titrate” these components with ADP and to record the 
speed with which the ADP-cytochrome interaction occurs. Such experi- 
ments give insight on the chemical nature of intramitochondrial DPNH 
and on possible intermediate reaction steps between ADP and the electron 
transport system. 

Preparations—The preparations and reaction media are described in 
Paper IT (2). 

Methods—Both the split beam and double beam recording spectropho- 
tometers, as well as the platinum electrode technique, are described briefly 
in Papers II and I, respectively (2, 3). 


Results 


Correlation of Oxygen and Cytochrome Kinetics—Whereas the reduction 
of cytochrome a on the transition from State 4 to 3 (see Paper III (1)) 
causes a very small change in the steady state level of cytochrome a, ad- 


* The support of part of this work by the National Science Foundation and by the 
Office of Naval Research is gratefully acknowledged. 

} Present address, C. H. Best Institute, Toronto. 

‘The abbreviations used in this paper are ADP = adenosine diphosphate, P; = 
inorganic phosphate, ATP = adenosine triphosphate, DPNH = reduced diphospho- 
pyridine nucleotide, DNP = 2,4-dinitrophenol. 
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dition of azide makes this spectroscopic change much larger, and a typical 
record obtained in the presence of this inhibitor is given in Fig. 1, A. The 
upper trace records the increased respiration caused by the initiation of 
oxidative phosphorylation upon ADP addition and its cessation when the 
added ADP is phosphorylated. The lower trace of Fig. 1, A records, as 
an upward deflection, the reduction of cytochrome a during oxidative phos- 
phorylation, followed by its reoxidation when the respiration slackens. It 
is apparent that the kinetics of the change of the steady state of cytochrome 
a are consistent with the changes of respiratory rate; in fact, the changes 
in slope of the oxygen trace correspond closely to the amplitude of the 
changes in the cytochrome a. 

The spectroscopic changes that accompany the addition of azide to 
mitochondria in State 4 (Paper III (1)) are illustrated by Fig. 1, B: azide 
addition causes partial reduction of cytochromes a, c, and a3, as indicated 
by the prominent absorption peaks at 605, 550, and 445 my. A small 
shoulder on the long wave-length side of the cytochrome c band is caused 
by a reduction of cytochrome b and the trough at 465 to 490 my is caused 
by the reduction of oxidized flavoprotein. If the respiration is increased 
by the addition of ADP (State 4 to 3 transition), the reduction of cyto- 
chromes a, c, and a; increases considerably, as is indicated by the increased 
heights of their absorption bands. On the other hand, the cytochrome b 
band is less distinct, and that of flavoprotein is definitely smaller, as will 
be discussed later. 

Effect of Azide upon Respiration and Phosphorylation—When a compo- 
nent of the respiratory chain has a high activity relative to the rate-limit- 
ing step, its steady state level can be drastically altered without a propor- 
tional change of the rate of electron transfer through the chain. This is 
the case with cytochrome a;, which reacts with oxygen very rapidly (see 
Paper IV, Table IV (4)) compared with its turnover number (see Paper II 
(2)). With glutamate as a substrate as in Fig. 1, A, the azide concentra- 
tion used causes only about 10 per cent inhibition of respiration. If the 
respiration rate is increased somewhat by using succinate as a substrate, 
the inhibition is somewhat greater (see Table I). In either case there is a 
considerable range of azide concentrations within which large changes of 
the steady state levels of cytochromes a and a; are observed in the State 
4 to 3 transition with only small inhibition of respiration. It should be 
noted that the respiration in the quiescent State 4 is not measurably in- 
hibited by the higher azide concentrations, while the respiration in the 
active State 3 is affected (see “‘ Discussion’’). 

Table I also includes some values of the ADP:O ratio in the presence of 


azide, and it is seen that no decrease occurs up to 276 um. This result is | 


in accord with that of Loomis and Lipmann, who used a 5-fold greater 
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azide concentration for the uncoupling of phosphorylation (5). Slater (6) 
found that about the same azide concentration was necessary, but, in con- 
trast to the results of this paper and of Loomis and Lipmann, found that 
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Fig. 1. A, correlation between changes in respiration rate caused by ADP addi- 
tion and changes in the steady state level of cytochrome a. The upper trace is re- 
corded by means of a vibrating platinum micro electrode and the lower trace is 
recorded by means of a double beam spectrophotometer. Guinea pig liver mito- 
chondria, glutamate as substrate, 184 um azide, isotonic medium, 25° (Experiment 
388b). B, the effects of azide and azide plus ADP upon the extent of reduction 
of cytochromes. The base-line in both traces corresponds to mitochondria in 
State 4; B-hydroxybutyrate as substrate, rat liver mitochondria, 400 um azide, 1 
mm ADP for the lower trace, isotonic medium (Experiment 466f-5). 


the respiration of the muscle sarcosomes was much more resistant to azide 
than that of the liver mitochondria. 

Since azide is believed to inhibit respiration by combining with the oxi- 
dized form of cytochrome a;, it might have interfered with the formation 
of any high energy intermediate attached to the oxidized form of the en- 


O. + a3’ X Im a;’" ~ I+ O- (1) 


zyme and thereby lowered the ADP:O value. Such a decrease is not ob- 
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served at these azide concentrations and this result is in accord with other 
data (Paper III (1)) that lead to the conclusion that the reduced and not 
the oxidized form is bound in the ~7 compound (Paper V (7)). It is also 
unlikely that the reduced form of cytochrome a; is affected by the inhibitor 
I, since Lehninger (8) has been unable to demonstrate a decrease of the 
P:O value in the presence of CO. It may be that phosphorylation does 
not occur in the cytochrome a;-oxygen reaction. 

Affinity for ADP—The ADP concentration required to give maximal res- 
piration in State 3 has been computed from the platinum electrode record- 
ings described in Paper I (3) and has been termed the ADP affinity of the 
respiratory chain. The same quantity can be evaluated on an entirely 


different basis by measuring the extent of reduction of cytochrome a in © 


State 3 in the presence of various initial ADP concentrations. A typica] 


TABLE I 


Effect of Azide upon Respiration Rate and Phosphorylation 
Guinea pig liver mitochondria, succinate as substrate, 26° (Experiment 378b). 

















Azide, uM 

Pe! 4 | 276 | 390 

| } 

j | 1 | 
Respiration rate in State 3.................... 2.0 1.9 | 0.90 0.40 

a ee ee a EN le pis dahco x aaiionnaa 0.11 0.26 0.10 
ADP 

Phosphorylative activity (45). RoC ete. ae | 2.15 2.10 





series of measurements is illustrated by Fig. 2, which shows how both the 
extent of reduction and the duration of the “cycle” increase with ADP con- 
centration. It should be noted how sensitively this spectroscopic test re- 
sponds to ADP (see “ Discussion’’). 

In a cycle such as that shown in Fig. 2, ADP is acting as a substrate and 
the simple equation derived for the Michaelis theory may be applied with 
reasonable accuracy. 


1 


1+ 





ers 


(2) 


a [PS 


where p/e is the fractional reduction of cytochrome a, x is the substrate or | 


ADP concentration, and K,,, is the affinity. 


In Fig. 3, A, we have plotted the increment of reduction of cytochromes | 
a and ¢ as a function of ADP concentration and obtained half maximal © 


effects with about 60 um ADP for this experiment. A summary of other 


data 
som 
quir 
ADI 
the 


ytochr. 


tion 
cond 





O10 


n 


> 005 


Upricor 


of 8: 
diun 
high 


isotc 





t shor 
f 10°. 
> iso 
no | 


redi 





XUM 


B. CHANCE AND G. R. WILLIAMS 481 


ther | data for cytochromes a;, a, and ¢ is given in Table II. These values are 
- not somewhat larger than those computed from the ADP concentration re- 
also quired to give half maximal respiration (20 to 30 um ADP (3) or 10 um 
bitor | ADP (9)). It is also possible that the ADP affinity is not identical for 
"the the various members of the respiratory chain. 
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Fig. 2. The Bhd of increasing concentrations of ADP upon the extent and dura- 
8b). tion of the reduction of cytochrome a in azide-treated mitochondria. Experimental 
——7 conditions as in Fig. 1, A. 
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390 
ct =_ 
).40 e ' 
© 0107 ¢ 3.< 800M Azide 
— Ea cusliepeaaaaile 
F 005: > £0005 200uM Azide _o 
— -° 85yM Azide 2 Oo 
Te) 

0 aay a 3 ' 0 T tT 
h the F 100 300 500 so 0 100 = 200 
> aint 

ee [ADP] uM 2° [aoP] (ym) 
st re B A 6 5 B 
e and Fic. 3. A, comparison of the ADP titration of cytochromes a and c in the presence 
| with of 85 um azide. Guinea pig liver mitochondria, succinate as substrate, isotonic me- 
dium, 10° (Experiment 382b). B, titrations with ADP in the presence of low and 
high azide concentrations. Rat liver mitochondria, 8-hydroxybutyrate as substrate, 
isotonic medium, 25° (Experiment 459). 
(2) 
A decrease in the rate of electron transport decreases the amount of 
ADP required for half maximal spectroscopic effects; for example, Table IT 
ate or t shows that, in the case of cytochrome a3, only 23 um ADP are required at 
10°. If excess azide is used, a similar reduction of the ADP concentration 
romes 


' is observed (Fig. 3, B), but, under these conditions, the titration curve is 
no longer hyperbolic (10). At 800 um azide, the amount of cytochrome a 
reduced upon ADP addition increases linearly with the ADP concentration 
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and then breaks sharply at 34 um ADP, as if a component of the respiratory 
chain were being titrated.2 As shown by the spectrophotometric assays of 
Paper II, Table II (2), the cytochrome a concentration is equivalent to 
about 2 um, a quantity insufficient to explain this result. In fact, DPNH 
is the only known component present in sufficient amounts (about 38 um 
DPNH in State 4) to account for this result. Thus the simplest hypothesis 
is that the ADP utilization by the azide-inhibited respiratory chain is 
caused by the over-all reaction (6) 


DPNH ~ I + Pi + ADP --— DPNH + ATP + I (3) 


As illustrated by Equation 5 (see below), one must also consider that an 
appreciable amount of the hypothetical X ~ J compound may accumu- 
late in State 4 and may contribute to the titration. The close agreement 


TABLE II 
Summary of Results on ADP Titrations of Cytochromes az, a, and c 
Succinate or glutamate as substrate. 





Cytochrome a3 Cytochrome a | Cytochrome ¢ 
He We , Swe 
| poor eee we waned —_ | Succinate 
| | 
MME AL wy eM. Mh SS roe Pee pee | aa 
Pe oy. 8 | 23 | 40 | 44 | 40 | 76 | ~70 
Temperature, °C.... eee ie ee ae = | Se 26 
a | ; ‘ , 68 85 | 184 85 | 184 85 
| 





Experiment No.................. | 385 | 379 | 388b | 379 | 388 379 





of the titration values with the DPNH content suggests that this contribu- 
tion issmall. It has not yet been possible to devise an experiment in which 
DPNH ~ / and X ~ I can be titrated separately. 

If we are observing a titration of a component of the phosphorylation 
system, then variations in the amount of mitochondria used in the titration 
should vary the ADP titration value at high azide concentrations. Table 
III shows that larger amounts of mitochondria require a larger ADP titra- 
tion to give half maximal effect over the rather narrow range of the experi- 
mental data. In no experiments do our titrations fall to the very low value 
of 10-7 m obtained by Slater and Holton for the a-ketoglutarate-cytochrome 
c system (9), and it must be concluded that their value applies only to their 
preparations of sarcosomes which have much less reducible DPN (11). 


2? The ADP utilization in the 4 second interval required to reach maximal reduction 
of cytochrome a (see Fig. 1) is relatively small. For the conditions of Fig. 3, B, ADP 


utilization due to respiration during the 4 second interval is roughly 8 um at 34 uM > 


ADP. 
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Lehninger* has observed a DN P-sensitive P® uptake by cyanide-inhibited 
mitochondria to which ADP is added, and in a particular experiment there 
was 0.06 mumole of P uptake per 0.005 mg. of mitochondrial protein, this 
value being near the maximal one observed in several experiments. In 
order to compare his result with our titration data, we convert his value to 
the higher protein concentration used in the experiment of Fig. 3, B (4 mg. 
per cc.). Lehninger’s P® uptake is then equivalent to the formation of 
48 um ATP®, as compared with 38 uu DPNH ~ J computed to be present 
from spectrophotometric data, and an end-point of the ADP titration of 
34 um (Fig. 4). This agreement is as good as could be expected in view of 
the variabilities of mitochondrial preparation. The concordance of these 
results confirms our rather different experiments (Paper III (1)), on the 
basis of which we have concluded that mitochondria in State 4 contain 
DPNH in an inhibited form. These new correlations indicate that the 
hypothetical compound (DPNH ~ /) could convert an equivalent amount 


TaBLeE III 
Effect of Mitochondrial Concentrations upon Apparent Affinity 
of Cytochrome a for ADP 
800 um azide (Experiment 459). 








Approximate protein concentration, mg. per cc......... 2 | 
ADP for half maximal effect, um.... 1 


wo oe 








of ADP to ATP without the need for electron transport. Thus the ADP 
affinity as obtained from spectroscopic data appears to contain two com- 
ponents: (a) a stoichiometric reaction with high energy compounds present 
in the mitochondria in the resting state and (b) a “‘ Michaelis” affinity which 
depends upon the rate of electron transport in the respiratory chain. 

Reaction Kinetics—The kinetics of the State 4 to 3 transition are of con- 
siderable importance in evaluating (a) whether intermediate chemical re- 
actions or permeability barriers intervene between ADP and its reaction 
partners and (b) whether ADP reacts with the different phosphorylation 
sites at the same or different speeds. 

Table IV shows that the kinetics of oxidation of DPNH and cytochrome 
b upon addition of ADP to the mitochondria in State 4 are not significantly 
speeded up by an increase in the ADP concentration. Since these two sub- 
stances are at least three components down the respiratory chain from the 
terminal oxidase, the maximal speed with which they can be oxidized may 
be set by the capabilities of the cytochrome chain, and not by the speed of 
the ADP reaction itself. On the other hand, the speeds of reduction of 


§ Dr. A. L. Lehninger, personal communication. 
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the cytochromes, especially c and a, in the azide-treated system are suf- 
ficiently rapid to be used for a study of the kinetics of the interaction of 
ADP with the respiratory chain. As a control experiment, we have com- 


TaBLe IV 
Kinetics of State 4 to 3 Transition 
Rat liver mitochondria, 6-hydroxybutyrate as substrate, 5° (Experiment 306), 
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Fig. 4. Direct recordings of the kinetics of cytochrome reduction caused by the 
addition of ADP to the azide-inhibited mitochondria. Experimental conditions as 
in’ Fig. 3, A. 


pared the speed of reduction of the cytochromes caused by the addition of 
a sufficient excess of azide (13 mm) to stop respiration rapidly with that 
caused by the addition of an excess of ADP. The former reaction is found 
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to be about 9 times more rapid and this result shows that the kinetics of 
the latter reaction are not set by the rate of transfer of reducing equivalents 
along the cytochrome chain, but by the rate of the ADP interaction itself. 

Fig. 4 presents direct recordings of the kinetics of reduction of these 
three cytochrome components measured at appropriate pairs of wave- 
lengths with the double beam spectrophotometer (1). On the basis of 
half times, the reaction with cytochrome a is most rapid. This result 
is borne out by studies over a wide range of ADP concentrations (see 
Fig. 5) in which the initial slopes of reaction kinetics, such as those il- 
lustrated by Fig. 4, are measured. The initial rate of reaction with cyto- 
chrome a is more rapid than that with cytochrome c, and in both cases 
the speed of reaction ceases to follow the required linear increase of rate 


85yuM Azide 


eile 
200 600 1000 
[ADP] uM 


Fie. 5. Rate of reduction of cytochrome a or c as a function of ADP concentra- 
tion. Experimental conditions as in Fig. 3, A. 
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with increasing ADP concentration, as if a rate-limiting reaction were in- 
terposed between the respiratory chain and ADP. The fact that the 
kinetics of cytochrome a are more rapid than those of cytochrome c 
suggests independently that cytochrome a may be bound as cytochrome 
a ~ I compound. 

In order to determine whether this rate limitation is due to a chemical 
reaction or to impermeability of the mitochondria to added ADP, the re- 
action kinetics of Fig. 4 have been investigated with hypotonically treated 
mitochondria. It is found that the kinetics of reduction of cytochrome a 
upon ADP addition to mitochondria that are freely permeable to DPNH 
(cf. Paper III (1)) are no faster than those measured with mitochondria 
that are impermeable to DPNH. This result is illustrated by the two 
kinetic traces of Fig. 6, one in isotonic medium, the other in hypotonic 
medium (0.10 osm). Thus the break in the kinetic curves of Fig. 5 is due 
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to one or more chemical reactions interposed between the electron transport 

























chain and the phosphate acceptor. For this reason, the transfer reactions 
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Fia. 6. That the rate of reduction of cytochrome a caused by addition of 800 ux 
ADP to the azide-inhibited mitochondria is not dependent upon the permeability of 
the mitochondria (Experiment 479a) is illustrated. Note that the sensitivity 
used for record B is about twice that used for record A and that the half times of the 
reactions are about the same. Note that reduction of cytochrome a is registered 
as a downward deflection in this figure. Rat liver mitochondria, succinate as sub- 
strate, media, 0.25 and 0.1 osm, and azide concentrations, respectively, 120 and 40 
uM in records A and B, 10° (Experiment 479a). 


TABLE V 


Effect of ADP upon Steady State Levels of Azide-Treated Guinea 
Pig Liver Mitochondria 
































Succinate as substrate (Experiment 378). 
| Per cent reduction of components 
Azide State No. — —— ————_—__—_—_—_—— a 
a | a te Se DPNH 
7 hee | | ke | : inn le 
Wie: ud | ~0 20 37 | 46 | 100 
0 3 | 19 18 18 36 73 
92 4 | 12 19 | 39 90 71 100 
92 3 | 24 71s 54 78 53 69 
Heavy rule indicates crossover point. fp = flavoprotein. 
might be written as follows, for example, for cytochrome c: 
o~It+X-—eHe"+X~1 (4) 
' 
X~I+ P+ ATP-—ADP+X41 (5) : 


Effect of Azide wpon Crossover Point—In Paper III (1) we have discussed | 
how the crossover point in the steady state changes caused by the State 3 
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to 4 transition identifies a pair of respiratory enzymes involved in oxidative 
phosphorylation. In the uninhibited preparation, the crossover point lies 
between cytochromes a and c, as is indicated by the heavy rule in Table V, 
the preparation consisting of guinea pig liver mitochondria with succinate 
asa substrate. In the presence of 92 um azide, the State 3 to 4 transition 
gives a crossover point further down the chain, between cytochromes c and 
b. This effect is also indicated by the spectra of Fig. 1, B, as we have 
pointed out previously. With greater inhibition, it is possible to cause re- 
duction of flavoprotein upon addition of ADP, but still obtain oxidation of 
DPNH, giving a crossover point between these two components. At even 
greater inhibition, DPNH and the other components fail to show an oxida- 
tion upon addition of ADP. As yet, no crossover point between flavopro- 
tein and cytochrome b has been demonstrated. 


DISCUSSION 


Our finding that respiration in the active state of mitochondria (State 3) 
is appreciably inhibited by higher azide concentrations (cf. Table I) with- 
out any appreciable effect upon the resting or State 4 respiration may afford 
an explanation for the selective effects of azide upon activity and resting 
respiration, as for example in nerve fibers (12). This effect is in agreement 
with the hypothesis that phosphate acceptor is generated upon conduction 
of electrical impulses and accelerates respiration in a small number of 
mitochondria that are located near the axon surfaces or nodes (13). This 
activity respiration is azide-sensitive in the manner indicated by Table I, 
but the azide levels required for nerve are lower than those of Table I (0.1 
to 0.2 mm for 90 to 100 per cent inhibition (12)). 

The azide-inhibited respiratory chain is a relatively sensitive and specific 
indicator of ADP. For example, 10-' m ADP gives an optical density 
change in terms of cytochrome a reduction that can be recorded with an 
accuracy of better than 10 per cent. Thus the sensitivity is of the order 
of 10-* m in a 1 ec. volume which corresponds to 10-° mole ADP. _Inter- 
estingly enough, this sensitivity is comparable to that of the firefly luciferase 
system for ATP (14) when a similar type of photoelectric circuit is used. 

It is found that somewhat less ADP is required to give half maximal 
rate of electron transport, as measured in terms of oxygen consumption, 
than to give half maximal spectroscopic effects, as measured in the State 4 
to3 transition. It is not unreasonable that this is so, for maximal respira- 
tion may be achieved when only the rate-limiting component of the respira- 
tory chain has been saturated with ADP. Other components, present in 
excess, need not have reacted completely with ADP in order to give maxi- 
mal rate of electron transport. It has not yet been possible to demonstrate 
conclusively just what the differences in the titration values for the various 
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cytochromes may be, although the data of Table II are suggestive. Op 
the other hand, differences of the reaction kinetics of cytochromes a and ¢ 
with ADP are clear-cut. 

The fact that increasing concentrations of ADP do not cause linearly 
increasing rates of change of the steady state oxidation-reduction levels of 
any of the components of the respiratory chain gives direct evidence for 
intermediates between ADP and the electron transport system. The na- 
ture of these intermediates is not known, but several possibilities can be 
eliminated. For example, similar non-linearities are observed when un- 
coupling agents such as dibromophenol or dicoumarol is used. Since phos- 
phate is not required for the latter reactions, it follows that these un- 
coupling agents act in place of ADP + P; in a reaction similar to that of 
Equation 5. Thus, in the reaction with an uncoupling agent or with 
ADP + Pi, the hypothetical X ~ J compound serves as an adequate ex- 
planation for the reaction kinetics (15). Other evidence for intermediates 
in the phosphorylation reaction comes from isotopic studies, but in this 
case it appears that these intermediates are in the reaction of ADP with 
phosphate compounds.* 


SUMMARY 


In the presence of appropriate low concentrations of azide as an inhibitor 
of the respiratory chain of liver mitochondria, the transition from the rest- 
ing State 4 to the active State 3 caused by addition of ADP shows cross- 
over points (1) between cytochromes b and c and between flavoprotein and 
DPNH. These crossover points identify pairs of respiratory enzymes 
involved in oxidative phosphorylation. 

The ADP concentration required for half maximal spectroscopic effects 
appears to consist of two factors: one related to a Michaelis affinity for 
ADP and dependent upon the rate of electron transport and the other a 
titration of an endogenous high energy compound in the resting mitochon- 
dria. Since the latter titration value closely approximates the measured 
content of the intramitochondrial DPNH, it is suggested that DPNH in 
the resting mitochondria is an inhibited form. 

The kinetics of reaction of ADP with the respiratory chain, measured in 
terms of the speed of the State 4 to 3 transition upon adding ADP, are first 
order with respect to ADP concentration only for lower values of concen- 
tration. At higher concentrations, considerable deviations occur that lead 
to the conclusion that intermediate reaction steps intervene between ADP 
and the respiratory chain. In our experiments impermeability to ADP is 


largely ruled out by observing the same experimental results in hypotoni- 


cally treated mitochondria. 


4 Dr. Mildred Cohn, personal communication. 
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PYRIDINE NUCLEOTIDE IN THE ACTIVITY OF 
YEAST ALCOHOL DEHYDROGENASE* 
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(From the Biophysics Research Laboratory of the Department of Medicine, 
Harvard Medical School and the Peter Bent Brigham Hospital, 
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Previous work has demonstrated that the ADH! of yeast contains 4 moles 
of zine per mole of protein as a structural part of the protein molecule (1-3). 
The metal has a direct relationship to the catalytic activity of ADH, as 
shown by (a) the concomitant increase of zinc-protein and activity-protein 
ratios during purification of ADH, (b) the inhibition of ADH activity by 
agents forming stable complexes with zinc, (c) the restoration of activity 
on their removal by dialysis, and (d) the prevention or reversal of the action 
of such inhibitors by Zn+*+. Mechanisms for the réle of zine in ADH activ- 
ity have been suggested (3). The kinetics of the inhibition by OP, which 
forms complexes with zinc, and the effect of DPN on this inhibition have 
been studied to elucidate the participation of the metal in ADH activity. 
The data indicate that OP competes with DPN for an enzymatically active 
site of ADH and that each zine atom of ADH binds a DPN molecule. 


EXPERIMENTAL 


Twice crystallized yeast ADH was prepared by the method of Racker 
(4) and stored as a suspension of crystals in 0.60 saturated (NH,4)sSO, at 
4°. DPN obtained commercially (Pabst Laboratories) was 95 per cent 
pure as estimated by cyanide complex formation (5). 1, 10-Phenanthro- 
line hydrochloride (G. Frederick Smith Chemical Company) was dissolved 
and titrated with NaOH to the desired pH. The purification of water, 
chemicals, and glassware has been described (3). 

Enzymatic activity was measured by observing the rate of DPNH forma- 
tion spectrophotometrically at 340 my (4), as previously described (3). 


* These studies were supported by a contract (No. NR 119-277) between Harvard 
University and the Office of Naval Research, Department of the Navy, and grants- 
in-aid from the National Institutes of Health and the Rockefeller Foundation. 

Preliminary accounts of these investigations have been published (19). 

! Abbreviations: ADH, alcohol dehydrogenase; DPN, diphosphopyridine nucleo- 
tide; (DPN), molar concentration of DPN; EtOH, ethanol; (EtOH), molar concen- 
tration of EtOH; DPNH, reduced diphosphopyridine nucleotide; OP, 1,10-phenan- 
throline. 
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The reaction mixture for the measurement of activity contained 10 y of 
twice crystallized yeast ADH in 0.2 ml., measured by the optical density of 
a fresh stock solution at 280 my, based on an absorption coefficient of 0.792 
mg. of ADH per sq. cm. (6). The 3.0 ml. reaction mixture contained DPN 
and ethanol in varying concentrations, as described below, and 1.0 ml. of 
0.1 m pyrophosphate buffer, pH 8.8. The reaction rates were measured 
at 23°. Activity, v, was expressed as change in optical density at 340 my 
per minute per mg. of ADH. 

To study the rdle of zinc in the catalytic action of ADH, an inhibitor, OP, 
was employed to combine with the zine atoms of [(ADH)Zn,]. The reac- 
tion velocities were measured as a function of the molar concentrations of 
OP and DPN. Coenzyme and inhibitor concentrations were varied, and 
resultant data were plotted according to Lineweaver and Burk (7). The 
lines were fitted to the experimental points by using the equation 


v1 =a-+b (DPN)? (1) 


where a and b are constants, a = V,,1,andb = KppnV» = regression co- 
efficient. 

These lines were determined by the method of least mean squares (8), 
and only these lines are presented in Figs. 1 to 4. The degree of linearity 
was expressed as the correlation coefficient (8), r= (o(ppny-1/¢y-1) X d; 
for data perfectly fitting linearity, r = 1.000. 

ADH activity is inhibited by zinc complex-forming agents such as OP, 
when inhibitor and enzyme are in contact with one another prior to initia- 
tion of the reaction (3). In these experiments OP was preincubated with 
the enzyme for 60 minutes at 0°. DPN concentration was varied either in 
the reaction mixture, providing approximately 5 seconds of contact between 
DPN and the preincubated ADH-OP mixture before reaction velocity was 
measured, or in the preincubation mixture, where DPN, ADH, and OP were 
all in contact for 60 minutes at 0° before activity measurement. Under 
the latter conditions, the preincubation mixture was prepared by mixing 
varied amounts of DPN with different OP concentrations and adding ADH 
in buffer last. The preincubation mixtures were buffered at pH 7.5 or 8.8; 
the measured pH of the reaction mixture did not change when 0.2 ml. of 
either preincubation mixture was added. After the mixtures had stood 
for 60 minutes at 0°, a 0.2 ml. aliquot was removed and added to ethanol 
in buffer to start the reaction. The reaction velocities were plotted against 
the final concentration of DPN in the reaction mixture, since it is this con- 
centration which is effective in determining the rate of the enzymatic re- 
action. The DPN concentration in the preincubation mixture was 15 times 
greater than that in the reaction mixture. On the other hand, the con- 
centration of OP in the preincubation mixture was used in all calculations 





and 
soc! 
the 
inh 
the 
use 


mil 
whi 
tra 
tra’ 
Etl 
bet 


ciel 


or 
ple 
val 
lea 
cor 
ear 
wa 
cel 
col 


XUM 


0 of 
sity of 
0.792 
DPN 
ml. of 
asured 
40 My 


r, OP, 
2 reac- 
ions of 
d, and 

The 


(1) 


ion co- 


es (8), 
\earity 
) x db; 


as OP, 
initia- 
d with 
ther in 
tween 
ty was 
P were 
Under 
mixing 
y ADH 
or 8.8; 
ml. of 
_ stood 
thanol 
ugainst 
‘is con- 
utic re- 
> times 
1e con- 
lations 





F. L. HOCH AND B. L. VALLEE 493 


and graphic presentations, since the enzyme-OP complex does not dis- 
sociate, and it is this concentration in the preincubation mixture which is 
the effective one in producing enzymatic inhibition. Since the degree of 
inhibition by OP is not changed when the preincubation mixture is diluted, 
the ADH-OP complex is clearly not dissociated upon dilution, and the 
use of the preincubation concentration of OP is valid. 

A suitable concentration of ethanol for these kinetic studies was deter- 
mined in preliminary experiments under conditions similar to those under 
which OP inhibition of ADH activity was studied. Five different concen- 
trations of DPN were preincubated with ADH at pH 7.5, the final concen- 
trations in the reaction mixture ranging between 5 X 10-5 and 1 X 10-* m. 
Ethanol was not preincubated with ADH, but five different concentrations 
between 0.267 and 0.400 m were present in the reaction mixture. Lower 


TABLE I 
Michaelis Constant, Kppy, Estimated at Various (EtOH) 




















(EtOH) Kppn r | Ss 
= M XK 108 ae | x 108 
0.400 6.0 0.963 2.7 
0.367 5.5 0.976 2.0 
0.333 2.7 0.971 1.8 
0.300 6.0 0.994 0.9 
0.267 6.4 0.995 0.9 
r = correlation coefficient = (¢mpny3/7,-1) X b, where b = regression coeffi- 


cient = Vm-'Kppn. S = standard error of estimate = e@pny (1 — r*)}. 


or higher concentrations of ethanol resulted in non-linear Lineweaver-Burk 
plots. The Michaelis constant, Kppy, was calculated from the observed 
values of v-! and (DPN) at each ethanol concentration by the method of 
least mean squares, and the results are shown in Table I. The correlation 
coefficient, r, and the standard error of estimate (8), S =o@py)- (1 — r?)* for 
each set of determinations of Kppy are also presented. The lowest Kppy 
was found at (EtOH) = 0.333 m, where Kppy = 2.7 X 10-‘ M; this con- 
centration of ethanol was therefore used in all experiments in which DPN 
concentration was rate-limiting. 


Results 


Effect of DPN on Inhibition of ADH Activity by OP—Fig. 1 shows that 
DPN partially protects ADH against the inhibitory action of OP, when 
DPN and ADH are mixed before OP is added. On the other hand, the 
same amount of DPN has no effect on activity when the DPN is added after 
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Fic. 1. Effect of DPN on the inhibition of yeast ADH activity by OP. The solid 
lines represent rates of the reaction, v, when DPN is not preincubated with ADH; 
the broken lines represent v when DPN is preincubated with ADH. The addition of 
OP is marked by arrows, and rates in the presence of OP are shown by O and. The 4 
addition of DPN to OP-inhibited enzyme is marked by an arrow and subsequent 
rates of reaction as X. Preincubation conditions, ADH + 5 X 10°?m DPN + 4x 
10-* m OP, pH 7.5, 0°. For activity measurements, aliquots are removed from each 
preincubation mixture at the times indicated, and the initial rate of DPN — DPNH 
is measured at pH 8.8, 23°. 
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Fig. 2. Kinetics of the inhibition of yeast ADH activity by OP, when DPN is ti 
added after ADH and OP are preincubated. All lines are calculated by the method ’ 
of least mean squares, and r = correlation coefficient. Preincubation conditions, ” 
ADH + varying (OP), 60 minutes, 0°, at (A) pH 7.5 or (B) pH 8.8. Activity meas- In 
urements, (DPN) varied in reaction mixture; (EtOH) = 0.33 m; the initial rate of ce 
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ADH has been mixed with OP and inhibition has occurred; this is also ob- 
served at degrees of inhibition less than that shown in Fig. 1. 

The quantitative relationships between DPN and OP were examined in 
the following experiments (see under “ Experimental” for the details). 

Effect of Varying DPN Concentrations in Reaction Mixture—Fig. 2, A and 
B, shows plots of reciprocal reaction velocities versus reciprocals of DPN 
concentrations in the reaction mixture; ADH was preincubated with vary- 
ing concentrations of OP at pH 7.5 or 8.8. These data fit lines which con- 
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Fic. 3. Kinetics of the inhibition of yeast ADH activity by OP, when DPN is 
present during the preincubation of ADH and OP. The lines are calculated as in 
Fig. 2. Preincubation conditions, ADH + varying (DPN) + varying (OP), 60 min- 
utes, 0°, at (A) pH 7.5 or (B) pH 8.8. Activity measurements, (EtOH) = 0.33 m; 
the initial rate of DPN — DPNH is measured at pH 8.8, 23°. 


with increasing OP concentrations. The inhibition of ADH activity by 
OP is greater when preincubation is performed at pH 7.5 than at 8.8, con- 
firming previous reports (3). 

Effect of Varying DPN Concentrations in Preincubation Mixture—Fig. 3, 
A and B, demonstrates Lineweaver-Burk plots of v~ versus reciprocals of 
DPN concentrations in the reaction mixture. In contrast to Fig. 2, A and 
B, here ADH was preincubated at pH 7.5 or 8.8 with varying concentra- 
tions of both OP and DPN. All the calculated lines have a common 
intercept, corresponding to the extrapolated reciprocal of the maximal un- 
inhibited enzymatic velocity, V,,'. Their slopes increase with OP con- 
centration. The inhibition, as above, is greater at pH 7.5. 

Fig. 4 demonstrates that the reciprocal reaction velocity, v~, is a func- 
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tion of the square of the concentration of OP, the concentration of DPN 
being constant, when OP, DPN, and ADH are preincubated at pH 7.5, 
The calculated lines (r > 0.915) all converge at v=! = 3.2 K 107%, (OP)? = 
—6.5 X 10-*m, when DPN concentration is varied. When OP, DPN, and 
ADH are preincubated at pH 8.8, similar analysis indicates v to be a funce- 
tion of (OP)", where 2 < n < 3. 





DPN 
(ADH + DPN + OP) (x 102m) r 
6+ Preincubated 0.17 0.995 
pH 7.5, 


60 minutes, 0°C 
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Fic. 4. Dependence of reciprocal reaction velocities of yeast ADH activity, v™, 
on the square of the inhibitor concentration, (OP)?, at varying (DPN). All lines 
are calculated by the method of least mean squares, and r = correlation coefficient. 
The enzyme-inhibitor complex dissociation constant, Kop, is 6.5 X 10-® m. Pre- 
incubation conditions and activity measurements as in Fig. 3, A. 


DISCUSSION 


The kinetic data, when plotted as reciprocal velocities versus reciprocal 
coenzyme concentrations, fit straight lines both in the presence and absence 
of inhibition of the enzyme. The linearity is statistically significant over 
a 16-fold range of coenzyme concentrations, in spite of the increase in ex- 
perimental error inherent in the measurement of inhibited reaction rates 
and in spite of the further accentuation of apparent error when reciprocal 
reaction velocities are plotted (9). The assumptions of Michaelis and 
Menten (10) are therefore applicable when DPN is present in rate-limiting 
concentrations, as has, indeed, been demonstrated elsewhere for yeast ADH 
in the presence of high ethanol concentrations (6). 

1,10-Phenanthroline is particularly suitable as an inhibitor in these 
studies on the réle of the metal in yeast ADH, because it forms stable zine 
complexes (11, 12). All evidence thus far (3) is consistent with the in- 
ference that this inhibitor combines with a zinc atom of [((ADH)Zny]. 
However, if the mechanism of inhibition of ADH is to be interpreted as the 
formation of a Zn-OP complex, it must be pointed out that the interaction 
of OP with Zn** ions in solution differs from that with the zinc atoms of 
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{((ADH)Zn,] in at least one important respect, when OP is preincubated 
with enzyme in the absence of ethanol. The formation of complexes of 
OP and Zn** ions is instantaneous (11, 12), but OP in contact with 
((ADH)Zn,] inhibits activity at a slow and measurable rate (3) when OP 
is preincubated with the enzyme alone. The linearity of the reciprocal 
enzyme-velocity plots implies that an inactive enzyme-inhibitor complex 
does form. At present, there is no experimental evidence to explain the 
slow rate of formation of this [((ADH)Zn,|-OP complex. The firm binding 
of the zine atoms to the apoenzyme of ADH constitutes obvious differences 
from systems in which Zn** ions are in solution and makes analogies diffi- 
cult. It can only be speculated that changes either in the entire protein, 
or in the ligand groups binding zinc, slowly increase the accessibility of the 
zine atoms to OP. If such changes occur, they are at least partly revers- 
ible (3). 

Steric factors which probably influence the binding of OP to the zine 
atoms of [(ADH)Zn,] may also affect the enzyme-coenzyme interaction. 
The sequence of exposure of ADH to OP and DPN is critical for the demon- 
stration of competition between the inhibitor and the coenzyme for an en- 
zymatic site. When DPN is added to ADH before (Fig. 1), or at the same 
time (Fig. 3, A and B), incubation with OP is started, the presence of the 
coenzyme influences the degree of inhibition. Under these experimental 
conditions, reciprocal velocity-concentration plots indicate strictly competi- 
tive inhibition (7, 9, 13) between the zinc-binding inhibitor and the coen- 
zyme. However, when DPN is added after OP has been incubated with 
ADH, the coenzyme does not affect the degree of inhibition (Fig. 1). Vari- 
ation of DPN concentration under these experimental conditions, 7.e. in 
the reaction mixture, produces inhibition that is not competitive between 
inhibitor and coenzyme (Fig. 2). The decrease in activity, although meet- 
ing some criteria for ‘‘non-competitive” inhibition (13), does not conform 
exactly to other (9) criteria for “strict” non-competitive or uncompetitive 
inhibition. The coenzyme apparently does not displace OP from the al- 
ready formed ADH-OP complex, although it seems to compete with OP for 
an unoccupied (or sterically unaltered) enzymatic site. 

The kinetic data (Fig. 4) are consistent with the competition of 2 mole- 
cules of OP for each enzymatic site (14) when OP, DPN, and ADH are pre- 
incubated at pH 7.5. The reciprocal velocity plots converge at a point 
which indicates the dissociation constant of the enzyme-inhibitor complex 
(13): Kop = 6.5 X 10-* mM. Previous studies (3) on the activity of ADH 
preincubated with varying concentrations of OP at pH 7.5 indicate that, 
when 2 molecules of OP act on one enzymatic site, Kop = 5.8 K 10-° M. 
The similarity between the two dissociation constants calculated from dif- 
ferent types of experiments supports the interpretation of the kinetic data. 
The reaction which forms the inactive enzyme-inhibitor complex at pH 
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7.5 may thus be formulated on the basis of experimental data (3) and con- 
siderations previously discussed (15). 


[((ADH)Zn,] + 4(20P) = [(ADH)Zn,](20P), (2) 


Structural and kinetic investigations on zinc metalloenzymes have re- 
cently been reviewed in detail, and the use of empirical formulae for metal- 
loenzymes has been discussed (15). In extension of this work, the studies 
reported here were designed to elucidate, by the use of a zinc-binding in- 
hibitor of ADH activity, the réle of zinc in binding DPN to [(ADH)Zn\). 
It seems possible to draw certain inferences from experiments, such as that 
shown in Fig. 4, concerning the binding of Zn to the yeast ADH apoenzyme, 
Many observations indicate that zinc has a possible coordination number 
of six, as for instance, in forming chelate complexes with OP (11). Other 
ligands form zinc complexes in which the metal has a maximal coordination 
number of four, e.g. in the coordinated complexes with imidazole (16). No 
evidence is available at present to indicate how many of the six possible 
coordination bonds of each zine atom in [((ADH)Zn,] are occupied by the 
ligand groups of the apoenzyme (ADH). The apoenzyme probably ligates 
at least two metal bonds: OP forms the complex [(ADH)Zn,](20P), in 
which four bonds of each metal atom are occupied by OP, and the zine is 
still bound to the protein presumably through its two remaining bonds. 
Thus a hexacoordinate zinc atom must exist wnder these circumstances. It 
is possible that OP forces a maximal coordination number of six on the en- 
zyme-bound zinc atoms, where zinc may usually have only four. There- 
fore, these data neither resolve the mode of binding of zine to the ADH 
molecule nor the coordination number of zinc in the “‘natural state”’ of this 
enzyme. Further experimentation, however, should clarify these ques- 
tions. . 

Comparison of analytical evidence (3) with the stoichiometry of DPN- 
binding to yeast ADH suggests that zinc is a site of binding of DPN, since 
4 molecules of DPN are bound per molecule of protein (6). This is con- 
sistent with evidence that OP inhibits ADH activity by forming a complex 
with the zine of [((ADH)Zn,] and that OP competes with DPN. However, 
analysis of kinetic data indicates only the possibility of a common site of 
action of DPN and OP, but does not prove it as a unique solution. As 
emphasized by Ogston (17), deductions on the chemical identity of enzy- 
matic sites of combinations cannot and should not be drawn from kinetic 
studies alone. 

However, from the evidence discussed above, it is concluded that 1 mole- 
cule of DPN is bound to each zinc atom of [(ADH)Zn,] to form the active 
enzyme-coenzyme complex [(ADH)Zn,](DPN),. As previously empha- 
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sized (3), these findings do not rule out the existence of other linkages be- 
tween DPN and yeast ADH, such as sulfhydryl groups (18), in addition to 
zinc. 

The interpretations presented are compatible with the known character- 
istics of zine chelates with other organic molecules of structures simpler 
than is that of ADH. 


SUMMARY 


The kinetics of the interaction between DPN and 1, 10-phenanthroline, 
a zine-binding inhibitor of ADH activity, were studied to elucidate the 
mechanism of action of yeast [(ADH)Zn,]. Inhibition of ADH activity is 
competitive between OP and DPN. When DPN is added to ADH before 
OP, inhibition of activity is decreased, indicating protection of the enzyme 
against the action of OP. When DPN is added to ADH after OP, activity 
js not changed, indicating that there is no restoration of activity in the OP- 
inhibited enzyme. 2 molecules of OP seem to bind to 1 zinc atom of 
((ADH)Zn,] to form the inactive enzyme-inhibitor complex [(ADH)Zn,]- 
(20P),4; the apparent dissociation constant, Kop, is 6.5 K 10-*' m. The 
data indicate that 1 molecule of DPN binds to each atom of zine of yeast 
((ADH)Zn,] to form the active enzyme-coenzyme complex [(ADH)Zn,]- 
(DPN).. 


We are greatly indebted to Mrs. Anna Kakatsakis, Miss Janet M. Wil- 
liams, and Miss Bessie Zotos for excellent technical assistance. 
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THE EFFECT OF FOLIC ACID AND VITAMIN By ON THE 
SYNTHESIS OF SERINE AND CHOLINE FROM GLYCINE 
IN THE LIVER OF YOUNG TURKEY POULTS 


By PRAN VOHRA, FAYNE H. LANTZ, anno F. H. KRATZER 


(From the Department of Pouliry Husbandry, University of California, 
Davis, California) 


(Received for publication, November 21, 1955) 


The incorporation of the nitrogen of glycine and serine into choline was 
observed by Stetten (1). Later work showed that in the normal rat glyc- 
ine and serine can be used for synthesis of the ethanolamine moiety and 
methyl groups of choline (2, 3). Glycine is converted first to serine and 
then by decarboxylation to ethanolamine which is available to form that 
moiety of choline. The 6-carbon of serine is converted to a methyl group 
without the loss of the 2 hydrogen atoms during the reaction (4). It is 
thus possible for the a-carbon of glycine to appear in any of the carbon posi- 
tions of choline during normal metabolism. 

It has been clearly demonstrated that vitamin Bi: is necessary in some 
manner for the synthesis of the labile methyl groups (5-8). In a deficiency 
of vitamin By, less synthesis of methyl groups of choline takes place from 
the a-carbon of glycine in the rat (9, 10). In the pig (11) a deficiency of 
vitamin By. reduced the synthesis of the methyl groups of choline but did 
not influence the synthesis of serine or ethanolamine. Supplementing a 
vitamin By2-deficient diet with vitamin By increased the ability of the liver 
of chicks to convert folic acid to folinic acid in vitro (12). 

The exact function of vitamin By, in the synthesis of the methyl group 
from the a-carbon of glycine is not apparent. Arnstein (13) has proposed 
that it is needed for the reduction of a hydroxymethyl] derivative of folic 
acid to a methyl group. 

In turkey poults vitamin By, is presumed to be required for the synthesis 
of methyl groups (14), since deficient poults grow slowly on a deficient ra- 
tion containing homocystine and show improved growth with the addition 
of vitamin Bis. Betaine also caused growth improvement, indicating that 
transmethylation was not impaired by the deficiency. 

A deficiency of folic acid has been found to reduce the use of the 6-carbon 
of serine, and, to a smaller extent, the a-carbon of glycine for the synthesis 
of choline (15, 16). Tetrahydrofolic acid (THFA) is presumably the active 
form of folic acid in these reactions. Folic acid is required by the poults 
(17, 18) but has not been studied in relation to choline synthesis. 

The present experiment attempts to determine the réle of vitamin By» 
and folic acid in choline synthesis from glycine-2-C™ in the turkey poult. 
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EXPERIMENTAL 


Poults hatched from turkey hens deficient in folic acid! were fed a ration 
deficient in folic acid. The ration contained acetone-extracted fish-meal 
38 per cent, cellulose 5.0 per cent, soy bean oil 3.5 per cent, and dimethyl- 
ethanolamine, minerals, choline, vitamins? other than folic acid, and corn- 
starch to equal 100 per cent. High mortality and poor growth were noted 
in the poults fed this ration, while satisfactory results were obtained when 
it was supplemented with 10 mg. of folic acid per kilo. 

Poults hatched from turkey hens deficient in vitamin Bi, (19) were fed 
a ration deficient in vitamin Biz. The vitamin B2-deficient diet contained 
isolated soy bean protein (Drackett C-1) 30 per cent, calcium gluconate 5.0 
per cent, soy bean oil 3.5 per cent, dimethylethanolamine 0.111 per cent, 
pL-methionine 0.2 per cent, homocystine 0.25 per cent, glycine 0.5 per 
cent, minerals, vitamins except vitamin B,. and choline, and corn-starch to 
equal 100 per cent. The vitamin B,:-deficient poults grew more slowly 
than those supplemented with the vitamin. 

After the poults were approximately 3 weeks old, one bird each from 
the folic acid-supplemented, folic acid-deficient, and vitamin B,2-deficient 
groups was sacrificed and its liver removed immediately. With a modified 
Krebs-Henseleit buffer (20), the liver was homogenized at 6° in a Potter- 
Elvehjem homogenizer. 4 gm. of liver were treated with 8 ml. of buffer, 
and another 0.5 ml. of the ice-cold buffer was used to wash the homogenizer. 
Liver homogenates were prepared from all of the three birds in this way. 

The radioactive glycine labeled in carbon 2, used in the present study, 
had a specific activity of 0.9 mc. per mmole, and was obtained from The 
Bio-Rad Laboratories, Berkeley, California. 0.1 mec. of this glycine was 
dissolved in 3.5 ml. of distilled water. 

1 ml. of a solution of NH.C“H,COOH containing 28.6 ue. of activity was 
added to 8.0 ml. of liver homogenate. The mixture was incubated in a 
stoppered Erlenmeyer flask for 2 hours at 38° with continuous shaking. 
The stoppers were opened two times during the incubation. The mixture 
was frozen immediately after the incubation period. 

Extraction of Phospholipides—To the flask incubated with normal liver 
homogenate, 5 ml. of 95 per cent ethanol were added, and the flask was 
kept at 60° for 30 minutes. Then the contents were transferred to centri- 
fuge tubes and spun for 5 minutes in an angle head centrifuge. The turbid 
supernatant fluid was transferred to a 100 ml. beaker. The original flask 


1 Kratzer, F. H., unpublished observations. 

2 We are indebted to Merck and Company, Inc., Rahway, New Jersey the Lederle 
Laboratories Division, American Cyanamid Company, Pearl River, New York, and 
The Dow Chemical Company, Midland, Michigan, for kindly donating vitamins and 
amino acids used in this work. 
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was washed with 5 ml. of absolute alcohol and the alcohol was then trans- 
ferred to the centrifuge tubes. It was kept at 60° for 10 minutes and then 
respun for 3 minutes. The supernatant fraction was transferred again to 
the beaker. This process was repeated five times so that the total volume 
of supernatant fluid was about 30 ml. It was finally extracted with ace- 
tone. 

The solvents were evaporated on a steam bath, and the residue was ex- 
tracted three times with 10 ml. portions of petroleum ether. A fourth ex- 
traction was made with dry acetone and the extracts were transferred to 
an Erlenmeyer flask and evaporated on a steam bath. 

Hydrolysis of Phospholipides to Yield Choline—15 ml. of 33 per cent vol- 
lume per volume HC] were added to the flask and refluxed for 14 hours. 
The solution was extracted three times with 5 ml. portions of petroleum 
ether, and then the acid solution was evaporated to dryness under an infra- 
red lamp. The dried mass was dissolved in distilled water, and the volume 
was made to 25 ml. In this way, extracts were prepared from the other 
samples also; namely, folic acid-deficient and vitamin By2-deficient livers. 
By using the method of Horowitz and Beadle (21), the choline content of 
these extracts was determined microbiologically. 

To each sample, 130.2 mg. of choline were added, and the solutions were 
evaporated to dryness under the heat lamp. The choline was isolated from 
each sample as chloroplatinic acid complex by the method of du Vigneaud 
ed al. (22). The choline chloroplatinate was crystallized to a constant spe- 
cific activity from 80 per cent alcohol and the platinum content determined 
microanalytically. Furthermore, the choline chloroplatinate was degraded 
to yield trimethylamine chloroplatinate (22), and the specific activity of 
the trimethylamine moiety was determined. From this, the per cent in- 
corporation of radiocarbon in the trimethylamine moiety was calculated as 
compared to the specific radioactivity of the choline molecule. 

Isolation of Serine and Glycine—The total solids, after isolation of phos- 
pholipides, were pooled together and hydrolyzed with 15 ml. of 6 N HCl in 
a sealed glass tube for about 16 hours at 15 pounds pressure. The hydrol- 
ysates were evaporated to dryness, extracted with water, decolorized with 
charcoal, and made to 25 ml. By using 2 ml. of the hydrolysate, glycine 
and serine were isolated on a Dowex 50 column with 1.5 nN HCl by the 
method of Stein and Moore (23). The glycine and serine content was 
determined colorimetrically with ninhydrin, according to Moore and 
Stein (24). 

Each serine sample was diluted with 157 mg. of inactive serine and crys- 
tallized to constant activity. The specific activity of serine was deter- 
mined, and it was, further, degraded by the method of Sakami (25) to de- 
termine the per cent activity in each carbon. 
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All carbon radioactivity determinations were carried out by wet combus- 
tion (26) to CO2, and the carbon was precipitated as BaCO; and counted 
in a gas flow counter. 


RESULTS AND DISCUSSION 


In the liver of the normal poult there was a considerable synthesis of 
serine and choline from the a-carbon of glycine (Table I). With a defi- 
ciency of folic acid there was a marked reduction in the synthesis of serine, 


TaBLe I 


Activity of Choline, Serine, and Glycine after Incubating Turkey 
Liver Homogenates with Glycine-2-C'4* 





Activity, c.p.m. per mole 





Type of liver 
Choline X 105 | Serine X 105 | Glycine x 105 





SER SIT pO PE ae ties gree caer ae ee 8.43 20.6 29 
GIRO BCIA-GONGIONE..... oo ccc cece ceccnes 5.88 4.65 77.5 
Vitamin Bis-deficiont.... 00... ccc cecccen. 5.92 23.7 10 








* 28.6 uc. per flask. 


TABLE II 


Distribution of C4 in Choline and Serine after Incubation of Turkey Liver 
Homogenates with Glycine-2-C™ 























; Serine 
Type of liver wenn, — 
Ci C2 Cs 
per cent per cent per cent per cent 
SS Fi tet ri ha 5 Gite a xe aa oes adh 14.9 0.5 59.5 40.0 
Folic acid-deficient. .................ee000- 26.9 0.5 67.5 32.2 
Vitamin Bys-deficiont...........-.ccvcesces 15.4 0.2 80.6 19.2 





and choline synthesis was slightly reduced. A deficiency of vitamin By 
caused no reduction in serine synthesis, but there was a slight reduction in 
the synthesis of liver choline. The livers of folic acid-deficient poults uti- 
lized less of a-carbon of glycine than did those of the normal or vitamin 
Bi,-deficient birds. 

Although the amount of choline synthesized by the liver of the folic acid- 
deficient poult was slightly reduced, the amount of C™ in the methy] group 
(Table II) was considerably increased, compared with that of the control 
bird. This indicated a slight increase in total methyl group synthesis. 
The distribution of C™ in the methyl and ethanolamine moieties of choline 
for the vitamin By2-deficient poult was similar to that of the normal bird. 
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There was very little activity in the carboxyl carbon of serine in the sam- 
ples from any of the birds. The liver of the folic acid-deficient bird incor- 
porated slightly less C"‘ in the 3 position of serine and more in the 2 posi- 
tion. In the liver of the vitamin Bi2-deficient poult the amount of C™ in 
the 3 position was approximately half that of the control, with a corre- 
sponding increase in the amount in the 2 position. 

The proposed mechanism for the incorporation of C™ from the a-carbon 
of glycine to choline (Fig. 1) is based largely on those proposed by Elwyn 





Other single _ JH H 
carbon sources iM ie 
CH; 
| 
FA i 
Yy 
Py THFA=—ATP 
§ & — DPNH te 
a enzyme enzyme a 
He He 
G-NH,  HOG-THFA 
COOH OH 
glycine | 





may P04 
enzyme 


Fria. 1. Mechanism for the incorporation of C4 from the a-carbon of glycine into 
choline. 


et al. (4) and Alexander and Greenberg (16). In the normal animal, glycine 
may conjugate with pyridoxal phosphate and an enzyme, which in turn 
may react with hydroxymethyl THFA to form serine. By an alternate 
route glycine may also be used as a source of the hydroxymethy] portion 
of the hydroxymethyl THFA. Thus, the a-carbon of glycine may appear 
in both the 2 and 3 positions of serine. Serine can be decarboxylated to 
form ethanolamine, which in turn can be used in choline synthesis. The 
methyl groups of choline may also be derived from the a-carbon of glycine. 
Thus, it is possible that the a-carbon of glycine may appear in any of the 
positions in choline. 
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In a deficiency of folic acid, there is a reduction in the THFA which re- 
sults in a reduction of the amount of available hydroxymethyl THFA, and 
hence a marked reduction in serine synthesis. The fact that there was a 
greater reduction in the number 3 carbon atom of serine than in the 2 posi- 
tion indicates that the total serine reduction was the result of a limited 
availability of hydroxymethyl THFA. The reduced serine probably lim- 
ited the synthesis of choline since the amount of ethanolamine moiety was 
reduced in the choline. The increased proportion of Ct in the methyl 
groups of choline shows that methyl synthesis was not reduced and indicates 
that methyl synthesis probably did not proceed through a folic acid deriva- 
tive. 

In a deficiency of vitamin B,. there was no reduction in total serine, but 
there was a marked reduction in the 3 carbon derived from the a-carbon 
of glycine. Thus, vitamin By: is not involved in the synthesis of the 2 posi- 
tion through the pyridoxal-phosphate enzyme complex but is necessary for 
the incorporation into the 3 position. This could be explained by the ne- 
cessity of vitamin By, for the initial conversion of the a-carbon of glycine 
to a single carbon compound before its incorporation into the hydroxy- 
methyl THFA. Presumably, some other single carbon sources must have 
been available, since there was no reduction in total serine synthesis. 
Methyl group synthesis was reduced slightly, due to the fact that total 
choline synthesis was slightly reduced. 

This mechanism proposes that vitamin By, functions in the conversion of 
the a-carbon of glycine to a single carbon compound and differs from that 
of Arnstein (13) in which he proposes that vitamin By: is essential for the 
reduction of the hydroxymethyl THFA. The fact that a deficiency of 
folic acid did not limit methyl synthesis is the main argument in support 
of the function of vitamin B,2 early in the conversion from glycine. 


SUMMARY 


1. Livers from normal, folic acid-deficient, and vitamin By2-deficient 
turkey poults were incubated with glycine-2-C™. 

2. In the normal poult the a-carbon of glycine was found in the 2 and 3 
positions of serine, and in both the methyl] groups and ethanolamine moiety 
of choline. 

3. A folic acid deficiency reduced the total amount of serine synthesized 
from the a-carbon of glycine with a greater reduction in the incorporation 
of C™ in the 3 position than in the 2 carbon. Choline synthesis was re- 
duced slightly with a reduction of incorporation of C' in the ethanolamine 
moiety and an increase in the methyl] groups. 

4. A deficiency of vitamin By. did not reduce total serine synthesis but 
reduced the incorporation of C" into the 3 position. Choline synthesis was 
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reduced slightly with the reduction in incorporation in the methyl group 
proportional to that of total choline. 


5. The data suggest that vitamin By. functions in the conversion of the 


a-carbon of glycine to a single carbon unit which can be used both for methyl 
synthesis and for conversion to hydroxymethyl THFA. 
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EFFECT OF GLUCOSE ON FATTY ACID AND GLYCERIDE 
SYNTHESIS IN RAT MAMMARY GLAND* 


By P. F. HIRSCH, W. J. LOSSOW, anp I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, November 14, 1955) 


It has been repeatedly demonstrated that the extent of lipogenesis oc- 
curring in tissues like liver and mammary gland is related to carbohydrate 
utilization by those tissues (1-6). Folley and French (7) have suggested 
three possible functions of the carbohydrate: (1) it may provide a source of 
energy required in fatty acid synthesis; (2) it may provide some of the 
carbon required for the fatty acid synthesis; and (3) it may provide glycerol 
for the esterification of the fatty acids. Balmain et al. (8) found that 
glycerol is not the equal of glucose in stimulating lipogenesis from acetate 
in rat mammary gland slices, and therefore they concluded that availability 
of glycerol is not the complete explanation of the glucose effect on lipogene- 
sis. We have shown, however, that substrate glycerol is not utilized to 
any great extent by rat mammary gland (3). Since glycerol formed via 
glycolysis may differ in reactivity from substrate glycerol, it is conceivable 
that experiments carried out with added glycerol may not test whether 
glycerol formation from glucose is a limiting factor in fatty acid formation 
from acetate. 

The above investigations were concerned largely with the action of glu- 
cose on the 2-carbon unit. Since triglycerides containing short chain fatty 
acids are normal constituents of milk, we studied the conversion by the 
mammary gland of C'-labeled butyrate, hexanoate, and octanoate, as well 
as acetate, to glycerides. It is shown here that glucose does promote the 
incorporation of the C' of hexanoate-1-C™, butyrate-1-C™, and acetate-1- 
C* into glyceride fatty acids with chain lengths of 8 carbons or more. In 
the case of octanoate and hexanoate, the glucose promoted their direct 
esterification, and this appears to be the sole action of glucose upon octano- 
ate. Thus, one of the effects of glucose in promoting lipogenesis results 
from its action upon fatty acid esterification. 


EXPERIMENTAL 


Rats of the Long-Evans strain were fed a stock diet with the following 
composition: 67.5 per cent whole wheat; 15 per cent casein; 7.5 per cent 
* This work was supported by a contract from the United States Atomic Energy 
Commission and by a grant from Eli Lilly and Company. 
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skim milk powder; 6.75 per cent hydrogenated vegetable oil; 1.5 per cent 
CaCO;; 0.75 per cent NaCl (containing a trace of KI); and 1 per cent fish- 
oil concentrate containing 3000 U.S.P. units of vitamin A and 400 inter- 
national chick units of vitamin D per gm. 


Substrates 


Acetate-1-C™, butyrate-1-C™, hexanoate-1-C™, and octanoate-1-C™ were 
prepared by carboxylation with CO, of the appropriate Grignard reagent. 
They were incubated as the sodium salt. We are indebted to Dr. §. 
Abraham for their preparation. 


Preparation of Slices and Incubation Procedure 


Lactating rats were sacrificed by a sharp blow on the head, and the 
mammary glands were removed rapidly and placed in cold, oxygenated 
bicarbonate buffer (9). Slices were prepared with an automatic slicing 
machine purchased from H. Mickle (10). The slices were washed in three 
fresh portions of buffer solution to deplete the tissue of preformed milk, 
gently blotted on filter paper, weighed on a torsion balance, and transferred 
to an incubation flask. The incubation procedure has been described else- 
where (3, 11). The Krebs-Henseleit bicarbonate buffer was prepared free 
of calcium ion to avoid precipitation of the short chain fatty acids. 


Analytical Procedures 


Collection and Determination of CO, Evolved—The incubation flask was 
designed to permit the collection of CO: at the end of the experiment. The 
determination of the C' content of this CO, has been described elsewhere 
(12). 

Extraction of Total Lipides—The acidified incubation medium was de- 
canted through glass wool, and the tissue residue was thoroughly washed 
with water. The filtrate was discarded. The tissue and the glass wool 
were extracted four times with a mixture of 3 parts ethyl alcohol and 1 
part ethyl ether. To aid the extraction, the mixture was heated each time 
on a steam bath for 15 minutes. 

Separation of Neutral Lipide-C from Added C™ Fatty Acids—Since we 
were interested in the portion of added labeled fatty acids that had become 
esterified, it was necessary to separate the free, labeled fatty acids, added 
to the medium as Na salts, from the neutral lipides. This was done as 
described by Cason et al. (13). The combined alcohol-ether extracts were 
evaporated almost to dryness on a steam bath. A small amount of water 
was then added to the residue, and the lipides were extracted with ethyl 
ether. The free fatty acids were removed by passing the ether solution 
over a small ion exchange column (Amberlite IRA-400) which had been 
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previously charged with NaOH. The column contained approximately 1 
gm. of resin, which is sufficient to remove 100 mg. of palmitic acid or its 
equivalent. The column was washed four times with 20 ml. of ethyl ether, 
and these washings, which contained the neutral lipides, were combined. 
An aliquot of this ether extract was hydrolyzed with sodium ethylate as 
described elsewhere (11). A small amount (4 ml.) of ethyl ether was added 
to the hydrolysate, and the mixture was acidified and kept cool to avoid 
loss of the short chain fatty acids. The cold, acidified solution was ex- 
tracted several times with a large volume of ethy] ether, and the ether ex- 
tracts were combined. 

Chromatographic Separation of Short Chain Fatty Acids—An aliquot of 
the ethyl ether extract of the fatty acid was steam-distilled, and the distil- 
late was collected in excess base. The distillate was concentrated and 
acidified, and the free fatty acids were extracted with isooctane. The pre- 
cautions mentioned above were again employed to avoid loss of the volatile 
fatty acids. Carrier fatty acids with chain lengths of 4, 6, 8, and 10 car- 
bons were added to the isooctane extract and separated on a silicic acid 
column according to the method of Ramsey and Patterson (14). The 
method was standardized by separating solutions containing various mix- 
tures of short chain fatty acids, only one of which was labeled with C%, 
and determining the C™ content and titration values of the separate frac- 
tions. By plotting these values, it was established that a quantitative re- 
covery of the C™ was obtained within the titration curve of a particular 
labeled fatty acid. 

The residue in the steam distillation flask was repeatedly extracted with 
ethyl ether. The ethyl ether extracts were combined. This fraction con- 
tained the non-volatile fatty acids. 

Lipide-C™“ Determination—The C™ content of the neutral lipide fraction 
was determined by the direct mount technique described by Entenman et 
al. (12). Fatty acid-C™ was determined by mounting an aliquot of the 
fatty acids on lens paper, with corn oil as carrier (12). No heat was used 
in mounting these fatty acids. The C™ content of the individual short 
chain fatty acids separated chromatographically was determined by mount- 
ing an aliquot of the sodium salt of the fatty acid obtained after titration 
with sodium ethylate. An aliquot of the non-steam-distillable fraction 
containing the non-volatile fatty acids was mounted, and its C“ content 
determined. 


Results 


C40, Formation—The longer the chain length of the incubated fatty 
acid, the smaller were the C'O, recoveries when a fatty acid was incubated 
as sole substrate (Table I). The effect of addition of glucose to the medium 





512 EFFECT OF GLUCOSE IN MAMMARY GLAND 


varied with the chain length. The CO, recoveries from acetate were re- ( 
duced more than 50 per cent, whereas those from butyrate and hexanoate the 
tio 

TaBLE I fat 

Incorporation of C4 of Acetate-1-C'*, Butyrate-1-C'4, Hexanoate-1-C, and Octano- wl 
ate-1-C'4 into CO. and Glycerides by Surviving Slices of Rat Mammary Gland, th 


and Effect upon this Incorporation of Fortification of Medium with Glucose 

500 mg. of mammary slices were incubated for 3 hours at 37.5°. The medium . 
consisted of 4.5 ml. of bicarbonate buffer (free of calcium) and 0.5 ml. of the solution fr 
containing the sodium salt of the fatty acid. When glucose was added, the flasks 
contained 0.5 ml. of the fatty acid solution, 0.5 ml. of the glucose solution, and 4.0 
ml. of the bicarbonate buffer. Gas phase, 95 per cent O2 and 5 per cent COz. Dupli- 
cate flasks were incubated, and each figure recorded below is the average of two Di 
separate determinations. 














Labeled Unlabeled Per cent of added C¥« 
substrate substrate recovered as 
Rat No. Days postpartum — 
50 umole 50 umole CO: Glyceride-C« c 
1 7 (290)* Acetate None 7.0 1.0 
- Glucose 3.0 17.9 
Butyrate None 6.8 0.8 a 
" Glucose 3.5 7.4 A 
Hexanoate None 3.9 2.1 
* Glucose 3.7 9.7 B 
Octanoate None 1.0 1.5 
si Glucose 1.8 39.0 H 
2 16 (344) Acetate None 5.0 0.5 
" Glucose 1.6 20.0 0 
Butyrate None 3.7 0.3 
” Glucose 1.9 6.6 = 
Hexanoate None 2.0 1.5 
ve Glucose 1.5 15.4 
Octanoate None 0.3 0.9 r 
a Glucose 0.6 46.2 P 
3 15 (344) Acetate None 3.1 0.3 
= Glucose 1.5 17.6 
Butyrate None 3.5 0.4 t 
° Glucose 2.2 5.3 ( 
Hexanoate None 2.2 2.3 ( 
- Glucose 1.5 14.4 F 
Octanoate None 0.7 1.0 : 
ue Glucose 1.0 33.0 ‘ 




















* The weights of the rats, in gm., are given in parentheses. ( 


were reduced about 40 and 20 per cent, respectively. In the case of octano- 
ate-1-C™, the addition of glucose to the medium slightly increased the 
CO, recoveries. 
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Glyceride Formation—Little C* was incorporated into glycerides when 
the short chain fatty acids served as sole substrate (Table II). The addi- 
tion of glucose increased the incorporation of the C™ of all of the incubated 
fatty acids into glycerides. The highest glyceride-C™ values were observed 
with octanoate, the next highest with acetate, then with hexanoate, and 
the lowest with butyrate. 

In one of the experiments, no C'* was found in phospholipides separated 
from the total lipide extracts (15). 

Distribution of C' among Glyceride Fatty Acids—Chromatographic sepa- 


TaBLeE II 


Distribution of Fatty Acid-C* of Glycerides Obtained from Mammary Tissue Incubated 
with Acetate-1-C™, Butyrate-1-C'*, Hexanoate-1-C™, and Octanoate-1-C", 
Each Incubated with Unlabeled Glucose 


For the experimental details, see the text. 











Per cent of C™ of hydrolyzed glyceride-C™ recovered as 
Carboxyl-labeled fatty 
acid incubated with Fatty acids 
glucose Butyric acid | Hexanoic acid | Octanoic acid | Decanoic acid |containing more 
than 10 carbons 
Rootate......2 si. 0* 0 18.2 17.5 64 
gg ae 0* 2.3 8.1 21.8 67.6 
Butyrate......6... 0.1 0.8 15.5 32.0 51.5 
a Bubutaee Aare 0.5 4.0 22.3 25.5 47.4 
Hexanoate....... 0* 44.6 10.6 8.0 35.9 
we Rabamnaels 0* 73.3 7.8 2.7 15.9 
Octanoate......... 0* 0.5 98.4 0.5 0 
ee ee ae 0* 1.8 95.7 2.1 0.1 




















* Negligible. 


ration of the glyceride fatty acids was performed only when glucose was 
added to the medium (Table II). 

Vaperiments with Acetate-1-C™ and Butyrate-1-C'—Over 50 per cent of 
the isotope recovered in the glyceride fraction was located in fatty acids of 
chain lengths greater than 10 carbons. The 6- and 4-carbon fatty acids 
contained negligible amounts of C' when acetate was the labeled substrate, 
and less than 1 per cent of the incubated C™ when butyrate was the labeled 
substrate. 

Experiments with Hexanoate-1-C'\—Hexanoate-1-C™ was incorporated 
chiefly into the short chain fatty acids of the mammary gland glycerides, 
and most of the isotope was recovered in the 6-carbon fatty acid. 

Experiments with Octanoate-1-C'\—Octanoate-1-C“ was incorporated 
solely into the short chain fraction of the isolated glycerides. About 40 
times as mich octanoate was incorporated into the mammary gland glyc- 
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erides in the presence of glucose as in its absence, and practically all of the 
C™ recovered in the glycerides was present in the 8-carbon fatty acids. — eo) 
The isolated octanoate-C™“ obtained from the mammary gland glycerides | of 
contained all of the C' in the carboxyl carbon. The decarboxylation of 


0 
the octanoic acid was carried out as described by Anker (16). te 
DISCUSSION a. 
The results of the present study demonstrate unequivocally that glucose 
promotes the direct esterification of octanoate by rat mammary gland. 
Thus, when octanoate-1-C' was incubated with surviving mammary gland se’ 
slices in a medium containing glucose, practically all of the C'* recovered . 
in the glyceride fraction was present in the 8-carbon fatty acids, and deg- er; 
radation of those fatty acids revealed that all of the C was in the car- gl: 
boxy] carbon. ac 
The data obtained with hexanoate show that glucose also stimulated the 
direct esterification of this fatty acid. Thus, 6-carbon fatty acids were ar 
found in large amounts as components of glycerides only when hexanoate lig 
was incubated in a glucose-containing medium. Since, in this experiment, 
the C™ of the hexanoate-1-C™ was also incorporated into glyceride fatty is 


acids of chain lengths longer than 6 carbons, esterification may not be the th 
exclusive action of the. added glucose. 
In the case of acetate and butyrate, direct esterification does not explain 


€ 
the stimulation of glyceride synthesis by glucose; practically all of the C™ 4 
recovered in the glyceride fraction was found in fatty acids containing 8 or sil 
more carbons. ac 
In the experiments in which no glucose was added to the medium, it ec 
was observed that C“O. production was highest from acetate and butyrate, 
lowest from octanoate, and intermediate from hexanoate. When glucose m 
was added to the medium, the highest formation of C™ long chain fatty | }, 
acids occurred in the experiments with acetate and butyrate, next with at 
hexanoate, and least with octanoate. This correlation between C™Oz, pro- 
duction in the absence of glucose and C™ long chain fatty acid formation 
in the presence of added glucose suggests that long chain fatty acids are 
formed in mammary gland principally by condensation of 2-carbon frag- 2 
ments rather than by elongation of previously existing short chain fatty ; 
acids. The CO, production can be considered an indication of the relative 
capacity of the mammary gland to degrade the fatty acids to acetyl S co- 6 
enzyme A, Y 
The question as to how glucose increased the glyceride-C™ formation § 
from acetate and butyrate remains to be considered. Such an increase, as ‘ 
well as the stimulation of long chain glyceride formation from hexanoate - 
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in the presence of glucose, may be explained either by a stimulation of the 
condensation of 2-carbon fragments or by an increase in the esterification 
of newly synthesized fatty acids. An increase in the latter process, as 
pointed out by Balmain and Folley (17), may serve to promote the further 
condensation of 2-carbon fragments by removal of the newly formed fatty 
acyl coenzyme A. 


SUMMARY 


1. Rat mammary gland slices were incubated, in the presence and ab- 
sence of glucose, with the sodium salts of the following fatty acids: acetate- 
1-C™, butlyrate-1-C™, hexanoate-1-C™, and octanoate-1-C". The recov- 
eries of the C™ in CO, and in the glyceride fraction were determined. The 
glyceride fraction was analyzed for C-labeled, short and long chain fatty 
acids. 

2. In the case of octanoate, glucose promoted its direct esterification, 
and this appears to be the sole action of the carbohydrate in promoting 
lipogenesis from octanoate. 

3. Glucose also promoted the direct esterification of hexanoate, but this 
is not the sole action of the carbohydrate in promoting lipogenesis from 
this short chain fatty acid. 

4. Direct esterification did not account for the action of glucose on lipo- 
genesis from acetate and butyrate. The C" of acetate-1-C" and butyrate- 
1-C™ was recovered in fatty acids containing 8 or more carbons. The pos- 
sibility that glucose increased the esterification of newly synthesized fatty 
acids, thereby promoting further condensation of 2-carbon fragments, is 
considered. 

5. The evidence presented here suggests that long chain fatty acid for- 
mation in rat mammary gland occurs primarily from condensation of 2-car- 
bon units rather than from elongation of preexisting, short chain fatty 
acids. 
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Oral administration of amino acids labeled with N' or with C" to pa- 
tients with multiple myeloma, followed by isolation of the abnormal serum 
and urinary proteins, has led previously to the conclusion that Bence-Jones 
protein is not derived by cleavage of circulating serum proteins nor by deg- 
radation of tissue proteins (1, 2). In point of fact, no evidence for any 
kind of precursor relationship between the two types of abnormal proteins 
was found. The data from these experiments also suggested that the 
Bence-Jones protein is formed rapidly de novo from free amino acids and is 
excreted rapidly. However, the stable isotopes proved unsuitable for the 
precise study of the rate of synthesis and excretion of Bence-Jones protein 
because they are too insensitive for intravenous administration at tracer 
levels and for measurement of the isotopic concentration of the unhydro- 
lyzed protein. Thus, for the present work lysine, uniformly labeled with 
C™, was chosen to facilitate the rate study. The lysine was injected into 
a subject who copiously excreted Bence-Jones protein but lacked an ab- 
normal serum globulin. Theurine was collected by urethral catheter, and 
the specific activity of the purified protein specimens was determined. The 
activity was maximal at 10 hours and thereafter declined rapidly. This 
indicates that the urinary protein was synthesized from the free amino 
acids rather than from preformed tissue proteins and that Bence-Jones 
protein, once released into the circulation, is treated like other nitrogenous 
excretory products, despite its size. 


EXPERIMENTAL 
Methods and Procedures 


Serum and Urinary Proteins—The serum and urinary proteins were char- 
acterized by analysis in the Tiselius type electrophoresis apparatus and 
with the analytical ultracentrifuge (3, 4). The Bence-Jones protein was 


* Aided by research grants from the National Cancer Institute, National Institutes 
of Health (No. C-1331-C4), and from the American Cancer Society. 

+ Present address, Department of Biochemistry, College of Medicine, The J. Hillis 
Miller Health Center, University of Florida, Gainesville, Florida. 
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precipitated at 4° by dialysis against 3 M ammonium sulfate at pH 5.2, 
The heavy precipitate was removed by centrifuging and was washed twice 
with the salt solution. The precipitate was dissolved in water, and the 
solution was centrifuged till clear and then dialyzed against 0.9 per cent 
NaCl until free of sulfate ion. Aliquots were dialyzed against distilled 
water until free of chloride ion and then were lyophilized. A schlieren ef- 
fect was noticed after several changes with distilled water in a preparation 
made prior to the isotopic study. Repeated changes and prolonged dialy- 
sis in the cold led to crystallization of the Bence-Jones protein as large 
sheets of crystals within the dialysis sac. However, the crystals dissolved 
on warming to room temperature. Although the crystallization was read- 
ily repeated, no attempt was made to crystallize the fourteen specimens 
used in the isotopic study. 

Radioactive Measurements—.-Lysine labeled uniformly with C™ was ob- 
tained from the Nuclear Instrument and Chemical Corporation. Prior to 
administration the compound was dissolved in a 0.9 per cent NaCl-5.0 per 
cent glucose solution and was tested for toxicity and sterility. For deter- 
minations of radioactivity, the lyophilized protein was dissolved in 0.02 n 
NaOH, deposited on oxidized copper planchets, and dried to yield a uniform 
adhesive film. The planchets were counted with a gas flow counter 
(Atomic Instrument Company). Counts were made to a minimum of 
1000 over background and were corrected for self-absorption. Respiratory 
CO, was also collected, and the specific activity and cumulative activity 
were kindly measured by Dr. George Okita by means of a vibrating reed 
electrometer. A later attempt to determine the specific activity of the 
urinary urea CO, by means of the urease reaction was unsuccessful because 
the samples available (from 2.5 hours on) had too little activity for accurate 
measurement. 

In order to obtain an estimate of the excretion of the lysine that had 
been administered, the amino acids in 5 ml. urine samples were decarboxyl- 
ated by reaction with ninhydrin at 100° in the presence of 15 mg. of glu- 
tamic acid as carrier. The CO: was trapped with Ba(OH). and counted 
as BaCOQ; in an aluminum planchet. The data are presented for samples 
of infinite thickness for a planchet of 3.47 sq. cm. area. Since the lysine 
concentration of each sample of urine was not determined, correction for 
the carrier added could not be made. 


Subject and Protocol 


Subject'—The patient M. B. was admitted to the Argonne Cancer Re- 
search Hospital for study and terminal care. Relevant biochemical find- 


1 We are indebted to Dr. Robert Wissler and Dr. Benjamin Spargo of the Depart- 
ment of Pathology, University of Chicago, for the autopsy report. Details of the 
case history will be furnished on request. 
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ings were (1) anemia (hemoglobin of 7.4 gm. per cent), (2) hypoproteinemia 
(total serum protein of 4.8 gm. per cent with 1.7 gm. per cent globulins), 
and (3) renal insufficiency (urea clearance of 24, as calculated by the square 
root method, and elevated blood urea nitrogen and uric acid). The pa- 
tient died of uremia 2 months after admission. Post mortem examination 
supported the diagnosis of multiple myeloma and revealed an extensive 
amyloidosis. 

Protocol?@—F or the experiment, 300 uc. of L-lysine in 100 ml. of pyrogen- 
free solution were given intravenously over a 7 minute interval. There 
was no reaction. A complete urine collection by catheter was maintained 
for the next 13 hours. The first sample was taken at 30 minutes and the 
others at progressively increasing times. The catheter was removed, but 
complete urine collection at 4, 6, or 12 hour intervals was maintained for 
90 hours with a total of thirteen specimens. A final specimen was taken 
on the 13th day. Because of the anemia and hypoproteinemia, the blood 
activity was not investigated. However, expiratory CO, samples were col- 
lected by Dr. George Okita over a period of 24 hours. An aliquot of each 
urine sample was frozen for later study, and the remainder was used im- 
mediately for preparation of the Bence-Jones protein. 

Owing to the patient’s anorexia, a nitrogen balance study was unsuccess- 
ful. During the 4 days of the experiment, the daily protein intake rose 
from 40 to 99 gm. A week later it had fallen to 10 gm. However, the 
daily excretion of Bence-Jones protein was almost constant (about 10 gm.). 


Results 


Serum and Urinary Proteins—The electrophoretic pattern of the pa- 
tient’s serum in Veronal buffer, pH 8.6 (Fig. 1, A), reveals the absence of 
a predominant globulin component of the type observed in about two- 
thirds of the cases of multiple myeloma (3). Area analysis indicated that 
percentagewise the serum protein distribution was as follows: albumin 53.8, 
a)-globulin 5.3, ae-globulin 17.0, 6-globulin 19.4, and y-globulin 4.6. Thus, 
a- and $-globulin were significantly elevated percentagewise (a2 by 2-fold), 
whereas y-globulin had diminished to one-third of normal on this basis and 
to one-fifth on an absolute basis. 

Since the Bence-Jones protein had a mobility close to that of 6-globulin 
(compare Fig. 1, A and B), the relative increase in this peak may result 
from the presence of Bence-Jones protein (also from a slight hemolysis). 

The Bence-Jones protein appeared to be quite homogeneous by the crite- 
ria applied. It moved with a single sharp boundary both in electrophoresis 
and ultracentrifugation (Fig. 1, B and C) and crystallized readily (Fig. 2). 
Amino end-group analysis by the dinitropheny! (DNP) method revealed 


2 Dr. Milton Weiner aided in devising the protocol and in the medical management 
of the patient, under the direction of Dr. Robert Hasterlik and Dr. George V. LeRoy. 
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only trace amounts of ether-soluble DNP-amino acids, a total of about 0.1 
mole per mole of protein. Thus, this protein is one of a group of crystal- 
lizable Bence-Jones proteins that are devoid of end-groups detectable by 
the DNP method (5). Further work on this problem is in progress, 
In the Veronal buffer, pH 8.6, the Bence-Jones protein had a mobility of 
—2.6 X 10-* cm.’ volt sec. and a sedimentation constant of 3.4 Sved- 
berg units, values similar to those reported for proteins D and G (4). It 
was in the same antigenic group as protein G.’ 


as 


Haar 


Fic. 1. Electrophoretic diagrams of the serum proteins (A) of subject M. B. and 
of a specimen of the radioactive Bence-Jones protein (B) and ultracentrifugal dia- 
grams of the latter protein (C). All experiments were performed in Veronal buffer, 
pH 8.6, ionic strength 0.1. The arrows in A and B indicate the origin and direction 
of migration. Since the photographs of A and B were taken after 200 minutes at the 
same current (16 ma.), the mobilities can be compared by visual inspection. In C, 
sedimentation was from right to left, with photographs taken at 32 minute intervals 
at a rotor speed of 59,780 r.p.m. 








Expiratory CO.—According to current views (6), the first steps in the 
metabolism of the carbon chain of lysine involve deamination, followed by 
oxidative decarboxylation yielding CO.. The latter would rapidly appear 
in the expiratory CO.. These reactions produce glutaric acid, the further 
metabolism of which is unknown. From Fig. 3, it can be seen that there 
is a rather rapid initial expiration of C“O. with a maximum at about 2.5 
hours. Although the decline in activity for the first 8 hours is almost ex- 
ponential (half time of about 6 hours), this is followed by a slower non- 
logarithmic decrease in specific activity. The cumulative activity of ex- 


’ Antigenic group A, according to Dr. Leonhard Korngold of the Sloan-Kettering 
Institute for Cancer Research (private communication). 
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piratory C“O, was still rising at 24 hours, by which time 3.9 per cent of 
the injected activity had been exhaled. 

In the choice of C'*-amino acids for studies of protein synthesis, one must 
consider whether to use specifically or randomly labeled compounds. The 
choice of an essential versus a non-essential amino acid is also important, 
for Penn, Mandeles, and Anker (7) have demonstrated that the apparent 
turnover time varies with the nature of the amino acid selected as tracer. 
Hence, in an experiment with a different patient, pi-glutamic acid-1-C™ 
was chosen to investigate the possible precursor relationships of the abnor- 
mal serum globulin and of the Bence-Jones protein. Although the frac- 
tionation of the serum proteins is not yet complete, data on the specific 





Fic. 2. Photomicrographs of crystals of Bence-Jones protein from patient M. B. 
(53 X). 


activity of the expiratory CO, and the Bence-Jones protein are available 
for comparison with results obtained after the administration of lysine. 

Glutamic acid-1-C' would be deaminated readily to yield a-ketogluta- 
rate, which in turn would be decarboxylated rapidly via the citric acid 
cycle, yielding C“O, and unlabeled succinic acid (6). In accord with ex- 
pectation, the specific activity of the expiratory CO, was maximal within 
the first half-hour. Not only did this maximum occur 2 hours earlier than 
with the uniformly labeled lysine, but it was also almost four times greater, 
although the two subjects were given about equivalent activity in the L 
form (compare Fig. 4). (On the other hand, the maximal specific activity 
of the Bence-Jones protein of the subject given lysine was seven times 
greater than that of the patient given glutamic acid.) 

Since the specific activity-time curves for expiratory C™QO, reflect the 
blood level of the tracer amino acid, they are a useful index in the absence 
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of kinetic data on the latter quantity. It is evident that the blood level 
of radioactivity is maintained longer in the case of lysine, leading to a more 
efficient incorporation in the protein, but that glutamic acid-1-C™ would 
give a more instantaneous picture of protein synthesis. 

Bence-J ones Protein—The specific activity curve for the Bence-Jones pro- 
tein (Fig. 5) demonstrates a rapid uptake and decline of isotopic amino 
acid in the excreted protein. The first specimen of Bence-Jones protein 
was devoid of radioactivity (obtained at 30 minutes after injection, but 
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6 12 18 24 
HOURS AFTER ADMINISTRATION 
Fic. 3. Semilogarithmic plot of the specific activity (left ordinate) and cumula- 
tive activity (right ordinate) of the expiratory COs after injection of 300 ue. of L-ly- 
sine-C'* (measurements by Dr. George Okita of the Argonne Cancer Research Hos- 
pital). 


omitted from the graph of Fig. 5). After this lag, the activity rose sharply 
to a maximum at 9.5 hours. Thereafter, it fell off steeply for a day, and 
then more slowly. The declining curve was not truly exponential but ap- 
peared to have two logarithmic segments. The first, terminating at 36 
hours, corresponded to a half time of decline of 15 hours; the second, ending 
at 90 hours, was equivalent to a half time of about 60 hours. A specimen 
taken 8 days later had unexpectedly high activity (79 c.p.m. per mg. of 
protein). 

The data of Fig. 5 are alone inadequate to give a complete picture of 
either the rate or the cumulative balance of the excretion of the labeled 
Bence-Jones protein. The rate is clearly a function of the urine volume 
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and protein concentration as well as of the specific activity. The balance 
is incomplete because urine collection was stopped on the 4th day. How- 
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Fig. 4. Comparison of the specific activity-time curves for the expiratory CO: in 
two subjects, the one (M. B.) given 300 ue. of L-lysine-C™ and the other injected with 
about 450 ue. of pi-glutamic acid-1-C!4 (measurements by Dr. George Okita of the 

Argonne Cancer Research Hospital). 
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i0 20.30.40 50.6070 80 90 
HOURS AFTER ADMINISTRATION 
Fic. 5. Specific activity-time curves of the Bence-Jones protein isolated from the 
urine of subject M. B. and of the BaCO; obtained by reaction of the urine with nin- 
hydrin. The initial sample of urine, collected by catheter for the first 30 minutes 
after injection, proved to be inactive and is not represented on the curve. 


ever, the hourly rate could be calculated for the first 90 hours from the 
total protein recovered in each specimen and from its activity. A histo- 
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gram of the activity (total counts) excreted per hour was constructed, 
The general shape of the curve was similar to that of Fig. 5, with a maxi- 
mum at the 10th hour. Although there was more fluctuation in the values 
at the later intervals, no diurnal variation could be discerned. Of the total 
activity eliminated in the urine via protein in 90 hours, 19 per cent was 
excreted in the 4 hour period from 9 to 13 hours after injection and 45 per 
cent in the 12 hour period from 5 to 17 hours after injection. It can be 
estimated that the latter amount is as great as that excreted in the 12 day 
period following the time covered by Fig. 5 (estimated from the logarithmic 
plot of declining activity and the assumption of a daily excretion of 10 gm. 
of protein). 

Urinary Excretion of Lysine-C'\—The possibility that an appreciable frac- 
tion of the injected lysine was excreted per se in the urine was investigated 
by ninhydrin decarboxylation of the urinary amino acids in the presence 
of carrier. Unfortunately, the frozen specimens of the early urine samples 
were lost. However, the data in Fig. 5 are adequate to reveal the level of 
excretion and the rate of decline. In comparison with p-glutamic acid, 
little L-lysine was excreted in the urine. For example, at 2.5 hours the ac- 
tivity of BaCO; obtained from ninhydrin treatment of 5 ml. of urine, with 
15 mg. of glutamic acid added as carrier, was 220 c.p.m. for subject M. B., 
whereas, at the same time and with only 0.3 ml. of urine, and the same 
weight of carrier, the activity was 12,800 c.p.m. in the subject given p1- 
glutamic acid-1-C“. Thus, the amino acid activity of the two urines dif- 
fered by a factor of 870, although the protein was more radioactive in the 
present case. 

Tests for Adsorption—Because the adsorption of lysine by proteins has 
been represented as leading to spurious results in tracer experiments of 
protein synthesis (8), several tests were made to assure the absence of this 
phenomenon. The tests involved (a) dialysis of a mixture of unlabeled 
protein and lysine-C™ of high activity against a series of changes of 0.15 
M NaCl until the external solution had negligible activity, (b) dialysis of 
labeled protein against a solution containing inactive lysine in 0.15 m NaCl, 
and (c) a comparison of the BaCO; activity following the action of nin- 
hydrin on the hydrolyzed and unhydrolyzed labeled protein. The period 
of dialysis and the number of changes approximated the conditions used in 
the preparation of the Bence-Jones protein specimens. From the results 
summarized in Table I, Experiment I, it can be seen that dialysis, even in 
the absence of lysine outside the sac, effectively reduces the radioactivity 
inside the sac to a negligible value. Similarly, in Experiment II, there 


4 Virtually all the urinary amino acid activity of the patient given pi-glutamic acid 
was in the form of the unnatural isomer; e.g., in a urine sample yielding BaCO; with 
an activity of 6520 ¢.p.m. by ninhydrin decarboxylation, the activity was only 5c¢.p.m. 
on enzymatic decarboxylation. 
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was no significant change in the specific activity of the labeled protein 
upon dialysis against free, inactive lysine. In addition, no activity above 
background was found in the BaCO; obtained from the reaction of nin- 
hydrin in a solution containing labeled protein and inactive carrier amino 
acid, whereas the specific activity of the BaCO; obtained from ninhydrin 
decarboxylation of the same specimen of protein (and carrier) after hydrol- 
ysis was 696 c.p.m. at infinite sample thickness. We conclude that the 
Bence-Jones protein was labeled only by true incorporation of the isotopic 
lysine through peptide bonds.® 




















TABLE I 
Test for Adsorption of Lysine-C by Bence-Jones Protein 
Experiment No. Dialysate me Ke gtd 
I. Unlabeled protein and lysine-C* 0.15 m NaCl 10 11 
Change dialysis sac .m* * 4 6.6 
Control No dialysis 21,500 
II. Labeled protein 10 mg.% lysine in 3 
0.15 m NaCl 
0.15 m NaCl 2 518 
Control No dialysis 525 
DISCUSSION 


Bence-Jones proteinuria is a characteristic but not an invariable finding 
in multiple myeloma. Whereas some patients have no detectable Bence- 
Jones protein in the urine, others excrete up to one-half their daily nitrogen 
intake via this abnormal metabolic product. Two other aberrations in 
protein metabolism may occur in this disease, (1) a hyperglobulinemia re- 
sulting from the formation of individually characteristic, abnormal serum 
globulins (3, 9-12) and (2) the deposition of protein in the tissues (amy- 
loidosis). Like the myeloma globulins, the Bence-Jones proteins are not 
identical; indeed, they appear to differ with each individual (4, 5). Al- 
though the response of a given patient is characteristic and consistent, no 
correlation of the protein abnormalities can yet be made with clinical symp- 
toms, diagnostic findings, plasma cell type, or longevity.® 

The variety of abnormal plasma and urinary proteins formed by different 


5 A similar conclusion was reached after more extensive tests in the case in which a 
patient was given pL-glutamic acid-1-C'. In this instance, in which one-half the 
activity is excreted via the p isomer, the dialysis tests and the lack of reaction with 
ninhydrin were confirmed by the failure of glutamic acid decarboxylase to reduce 
the activity of the excreted protein. 

6 Kubota, C., Schwartz, S. O., and Putnam, F. W., from data obtained in a survey 
of 78 cases (in press; see also (13)). 
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patients with multiple myeloma (3, 4, 9-11) requires that investigation of 
protein synthesis in this disease be undertaken in several patients with 
representative aberrations. In preceding experiments (1, 2), two patients 
were studied with use of glycine labeled with N'® or C". Both subjects 
had hyperglobulinemia, the one owing to a cryoglobulin of the y type, the 
other from an abnormal #-globulin. Each excreted a single Bence-Jones 
protein, distinguishable from the other. Despite these individually char- 
acteristic abnormalities in protein synthesis, the same conclusions were 
drawn for the two subjects; namely (1) there was no apparent metabolic 
relationship between the abnormal protein of the plasma and that of the 
urine, and (2) in each case the Bence-Jones protein was synthesized rapidly 
and excreted rapidly and appeared to be formed de novo from free amino 
acids rather than by degradation of serum or tissue proteins. 

The present investigation extends these observations to a subject of a 
third type, z.e. one who copiously excretes a highly homogeneous Bence- 
Jones protein but has hypoglobulinemia. The previous experiments, based 
on 24 hour urine collections, demonstrated that oral administration of a 
large dose of C"8- or N'°-labeled amino acid (5 to 20 gm. during an 8 hour 
period) was followed within 24 to 48 hours by a maximum in the C® or 
N'® content of the urinary protein. In the present case, it is shown that 
intravenous infusion of a tracer dose of lysine-C“ (about 50 mg.) leads to 
a maximum in the specific activity of the excreted protein within 10 hours. 
Upon comparison of the activity curves for expiratory COs in the case of 
lysine and glutamic acid (Fig. 4), one might anticipate a sharper decline 
in the activity of Bence-Jones protein (and probably an earlier maximum) 
if the more rapidly metabolized amino acid had been used as the tracer. 

Although this experiment gives a more complete picture of the rate of 
formation and excretion of Bence-Jones protein, the kinetics of these proc- 
esses cannot be calculated accurately from the data presented. The rate 
of change in activity of the Bence-Jones protein is a function of at least 
four factors: (1) the rate of decline in the specific activity of the free lysine, 
(2) the rate of synthesis of the protein, (3) the rate of its release into the 
circulation, and (4) the rate of renal excretion. The time required for an 
amino acid residue to pass from the free amino acid pool to the circulating 
serum protein has been defined as the “transit time.” The transit time is 
a function of the first three factors listed, and in rabbits, turtles, and the 
horseshoe crab it is approximately 30 minutes at 37° (8). As judged by 
the first appearance of radioactive protein in the urine, the maximal time 
lag for synthesis and excretion of Bence-Jones protein is 30 to 60 minutes. 
This short time lapse was quite unforeseen when the experiments with 
stable isotopes were planned (1, 2). Although the time lags for the syn- 
thesis of serum proteins and the synthesis and elimination of Bence-Jones 
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protein are comparable, the curves for the decline in activity are not. The 
grum proteins “turn over” among the most rapidly of all tissue proteins, 
and, in man, serum proteins have a turnover time of from 5 to 20 days 
(8, 13). However, it is evident from the even more rapid activity decline 
illustrated in Fig. 5 that Bence-Jones protein is not derived from serum or 
from other preformed tissue proteins. 

With regard to the first factor above, the specific activity of free lysine 
is reflected both by the activity of the urinary amino acid (Fig. 5) and by 
the activity of expiratory CO, (Figs. 3 and 4). Neither of these activities 
declines exponentially, nor does the activity of the Bence-Jones protein 
(Fig. 5). The similarity in the declining portions of the three curves is 
evidence, then, that the Bence-Jones protein is formed de novo from the 
administered amino acid. The data of Fig. 5 also suggest that the Bence- 
Jones protein is not withheld appreciably more by the kidney than is lysine 
(or its ninhydrin-reacting metabolites). This finding, though surprising, 
is compatible with the previous report that N’ is excreted as rapidly by 
way of incorporation into Bence-Jones protein as via metabolism to urea 
(2). Judging by comparison of the rising portions of the activity curves 
of Figs. 3 and 5 and their respective maxima, one concludes that it takes 
about 6 hours longer for lysine to be incorporated into Bence-Jones protein 
and for the latter to be excreted than it does for lysine to be metabolized 
to CO» and the latter exhaled. 

Half of the activity excreted by way of labeled protein within the first 
%) hours and about one-quarter of that so excreted within the first 2 weeks 
were voided in the 12 hour interval beginning 5 hours after the injection. 
Now, since labeled protein must have been made continuously, though 
with rapidly decreasing activity, it is clear that the bulk of the Bence- 
Jones protein made and released into the circulation within any given inter- 
val is excreted in the ensuing 12 hours. In other words, circulating Bence- 
Jones protein does not participate actively in the metabolic pool of nitrogen, 
but is treated like low molecular weight nitrogenous excretory products. 
The sharp maximum and the rapid decline in the curve of Fig. 5 preclude 
the presence of a large pool of Bence-Jones protein that undergoes turnover 
analogous to serum proteins.’ The question whether some of the Bence- 
Jones protein is deposited in an inert form in amyloid tissue may be re- 
solved when analyses of tumor masses and amyloid deposits are completed. 

Since skin tests with the purified protein yielded no untoward reaction 
in the subject, it had been planned to measure the renal clearance and rate 
of excretion by reinjection of the labeled protein. However, the patient’s 


7 Under similar conditions serum proteins in man exhibit a similar lag in activity, 
a slower rise, a much broader maximum, and a considerably slower decline (unpub- 
lished observations, F. W. Putnam, F. Meyer, and A. Miyake). 
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condition did not warrant the experiment. Such an experiment has taken 
place with the patient given glutamic acid-1-C", and it was also possible 
to measure the activity of the L-glutamic acid of serum and of the y-globu- 
lin. The data, which are almost complete, are fully compatible with the 
conclusions drawn above. 


We are greatly indebted to Dr. Robert Hasterlik, Dr. George V. LeRoy, 
and Dr. Leon Jacobson of the Argonne Cancer Research Hospital for their 
great interest and unceasing cooperation in this experiment. 


SUMMARY 


The rate of synthesis and excretion of Bence-Jones protein has been 
studied by intravenous injection of lysine uniformly labeled with C", fol- 
lowed by measurement of the specific activity of the protein isolated from 
successive urine samples. Urinary excretion of the labeled amino acid was 
estimated from the CO, obtained by the ninhydrin reaction. The specific 
activity of expiratory CO, was also determined and compared with the ae- 
tivity of expiratory CO: after injection of pi-glutamic acid-1-C" in another 
subject. After a 30 minute lag period, the radioactivity of the urinary 
protein rose sharply to a maximum at 10 hours and then fell off abruptly 
in a non-logarithmic fashion. The activity of expiratory CO. was maximal 
at 2.5 hours and also declined rapidly and non-exponentially. The data 
confirm the earlier conclusion that Bence-Jones protein is rapidly synthe- 
sized from the free amino acids rather than from tissue protein precur- 
sors. Bence-Jones protein formed in any given interval is excreted for the 
most part within the ensuing 12 hours. 
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STUDIES ON THE SULFUR METABOLISM OF 
TISSUES CULTIVATED IN VITRO 
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(Received for publication, December 23, 1955) 


Previous studies from this Laboratory (1) have shown that chick embry- 
onic heart fibroblasts cultivated in vitro in a completely synthetic medium 
(2, 3) have a critical requirement for L-cystine which cannot be satisfied 
by methionine. For optimal survival of these tissues, however, the pres- 
ence of both cystine and methionine was found necessary. In view of the 
importance of the sulfur amino acids for the maintenance of cell survival, 
it seemed logical to extend these studies to a consideration of the quantita- 
tive interrelationships between cystine and methionine and to determine 
the optical specificities involved. The results reported in the present com- 
munication emphasize the complexity of the cystine-methionine require- 
ment and show that p-methionine possesses activity equal to that of the 
L isomer, but that p-cystine is completely inactive. 


Materials and Methods 


Tissue cultures for this study were prepared from the heart muscle of 
11 day-old chick embryos. The hearts were chopped to a fine pulp with 
scissors, moistened with synthetic medium, and small portions were trans- 
ferred to 18 X 150 mm. Pyrex test-tubes by a capillary pipette. Each 
culture contained from 1 to 2 mg. of tissue, wet weight, as determined by 
frequent weighings of replicate samples and by total protein measurements 
(4). After 25 to 30 minutes, the tissue fragments became fixed to the 
glass, without the use of plasma, the synthetic medium was added, and 
the cultures incubated at 37° by the conventional roller tube method (5). 
Full details of the culture procedures have been reported previously (6, 7). 

The basic synthetic medium used throughout these experiments was M 
150 (2, 3), which supports the survival of freshly explanted chick embryonic 
heart fibroblasts for approximately 35 days. Media deficient in sulfur- 
containing amino acids were prepared by omitting from the formula L-cys- 
tine, pL-methionine, L-cysteine, and glutathione. Various proportions of 
L- or D-cystine and L- or D-methionine were then added to the deficient 
media. The concentration range employed was 0.01 to 100.0 mg. per liter. 
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This range had been found previously (1) to be the most suitable for stud- 
ies with the sulfur amino acids. Since the previous studies had shown that 
inorganic sulfate had no effect on the survival time of the chick embryonic 
heart cultures, changes in the synthetic media were restricted to organic 
sulfur compounds, and the basic inorganic salt solution (3) was not altered, 
All the compounds used in the media were of the highest grade obtainable 
commercially and were employed without further purification. Paper 
chromatographic analyses (8) showed that the individual amino acids used 
were relatively uncontaminated with other ninhydrin-positive materials, 
All media were prepared at frequent intervals and sterilized by passage 
through ultrafine fritted glass filters. 

The experimental design and the method of evaluating the cultures have 
been described in detail in previous publications (1-3, 7). All the figures 
reported represent average survival times, calculated from two or more 
separate experiments, involving at least twenty cultures at each test level. 
The significance of differences in survival times was calculated by the stand- 
ard ¢ test, performed through the courtesy of Mr. E. J. Hamilton of this 
Laboratory. 


Results 


Relationship between u-Cystine Response and u-Methionine Concentration 
—Synthetic medium m 150 was prepared from which the cystine, methio- 
nine, cysteine, and glutathione had been omitted. From this sulfur-defi- 
cient medium, basic solutions containing selected concentrations of L-methi- 
onine were prepared. Graded levels of L-cystine were then added to each 
of these basic solutions and the cystine response curves determined (Fig. 1). 

In the absence of methionine (Curve A), a moderate cystine response is 
apparent. In the presence of 0.01 mg. per liter of L-methionine (Curve C), 
a marked cystine response is obtained in which the survival times of the 
cultures correspond with those normally obtained in the complete medium 
M 150. Increased amounts of t-methionine (0.1, 1.0, 10.0, and 100.0 mg. 
per liter) yielded response curves indistinguishable from that obtained at 
the 0.01 mg. per liter concentration. The decline in the survival time 
(Curve B) shown when 100.0 mg. per liter of L-cystine was added to the 
media containing 100.0 mg. per liter of L-methionine was not statistically 
significant. Since there was no graded effect due to the different methio- 
nine levels tested, further extension of the concentration range did not 
appear necessary. 

Relationship of Optical Configuration to Methionine Activity—The marked 
effect of L-methionine in supplementing the cystine response in the chick 
embryonic heart cultures made it of interest to investigate the possible 
activity of the p isomer. Sulfur-deficient synthetic media were prepared 
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as before and divided into two portions. To one portion were added 10.0 
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methi- Curve B, L-cystine response in the presence of 100.0 mg. per liter of t-methionine; 
0 each Curve C, t-cystine response in the presence of 0.01 mg. per liter of L-methionine. 
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1edium 


).0 mg. | onic heart cultures. In the presence of adequate cystine, both t-methio- 
ined at | nine (Curve C) and p-methionine (Curve D) effectively supplement the 
ul time | cystine response. In both cases, the survival time of the cultures is equal 
to the | to that found in the complete m 150. Since the response curves for p-methi- 


stically | onine are indistinguishable from those of the 1 isomer, it would appear that 
nethio- | the activity of the two isomers is identical in this biological system. 
lid not 


Relationship of Optical Configuration to Cystine Activity—In view of the 
activity found with p-methionine, the optical specificity of the cystine re- 
narked quirement was investigated. Sulfur-deficient media were prepared as be- 
2 chick | fore and divided into two portions. To one portion were added 30.0 mg. 


— per liter of pt-methionine, the level normally present in the complete me- 
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dium mM 150. Thesecond portion was kept without methionine. Into these 
two basal media, graded levels of either L- or D-cystine were incorporated 
over the concentration range of 0.01 to 100.0 mg. per liter. In additional 
experiments, sulfur-deficient media were prepared and divided into two 
basal solutions, to one of which were added 10.0 mg. per liter of L-methio- 
nine and to the other 10.0 mg. per liter of p-methionine. Graded concen- 
trations of L-cystine over the usual range were then incorporated in these 
two basal media and the survival times of the chick embryonic heart cul- 
tures determined. The results of these experiments are presented in Fig, 3. 
In the absence of methionine, D-cystine had no effect on the survival of 
the cultures (Curve A). The same negative result was obtained when 
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Fic. 3. Response of tissues cultivated in sulfur-deficient media to graded concen- 
trations of cystine. Curve A, p-cystine response in the absence of methionine; Curve 
B, p-cystine response in the presence of 30.0 mg. per liter of pL-methionine; Curve C, 
L-cystine response in the presence of 10.0 mg. per liter of p-methionine; Curve D, 
L-cystine response in the presence of 10.0 mg. per liter of L-methionine. 


p-cystine levels were tested in the presence of methionine (Curve B). It 
is apparent that p-cystine is completely inactive in some metabolic process 
essential for the survival of chick embryonic heart cultures. Since L-cys- 
tine exerts a marked effect on culture survival (Fig. 1), the optical specific- 
ity of the tissue culture requirement for the L isomer is clearly established. 

In contrast to the negative findings with p-cystine, the addition of graded 
levels of L-cystine to synthetic media containing 10.0 mg. per liter of 
L-methionine produces the characteristic cystine response (Curve D), as 
reported previously (1). When the basal synthetic medium contains p- 
rather than L-methionine, one major difference in the cystine response be- 
comes apparent (Curve C). Maximal survival of the tissue cultures is ob- 
tained at 10.0 mg. per liter of L-cystine, as observed previously, but the 
survival is decreased very sharply at 100.0 mg. per liter. It is evident that 
p-methionine is as effective as L-methionine in eliciting the maximal cystine 
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response, but that the combination of high concentrations of both L-cystine 
and p-methionine completely nullifies the beneficial effect. 


DISCUSSION 


The results of the present experiments, which are based on approximately 
3000 cultures, emphasize the complex quantitative relationships that exist 
between cystine and methionine in the nutritional requirements of chick 
embryonic heart tissues cultivated in vitro. Moderate culture survival oc- 
curs in the absence of methionine, provided that adequate cystine is present 
in the medium. For maximal culture survival in the synthetic medium, 
methionine is necessary in addition to cystine. The amount of methionine 
required in the presence of adequate cystine may be as low as 0.01 mg. per 
liter, but the complete omission of methionine reduces the culture survival 
period by approximately 40 per cent. In the presence of L-methionine, 
optimal culture survival is obtained by the addition of 10.0 to 100.0 mg. 
per liter of L-cystine. If the medium contains p-methionine, optimal cul- 
ture survival is obtained by the addition of 10.0 mg. per liter of L-cystine, 
but increasing the cystine concentration to 100.0 mg. per liter nullifies the 
beneficial effect. In the latter case, the survival of the cultures is equiva- 
lent to that obtained in media completely devoid of sulfur-containing 
amino acids. It would appear that, in the preparation of synthetic media 
for tissue cultures, the balance between cystine and methionine is a critical 
factor, especially if racemic compounds are used. Both cystine and methio- 
nine have recently been classed as essential for the L strain (9) and the 
HeLa strain (10), but no interrelationships between these two amino acids 
were reported. It is possible that the presence of serum in the experimen- 
tal media employed may have obscured the delicacy of the amino acid re- 
sponses. The present experiments, in which completely synthetic media 
were used, show that it is possible to obtain quantitative response curves 
in tissue cultures and to determine the interrelationships of individual 
amino acids. 

The major differences in survival times of the chick embryonic heart 
cultures observed with various proportions of cystine and methionine in 
the synthetic medium make it possible to relate biological activity to the 
optical configuration of these compounds. 1-Cystine prolonged the sur- 
vival time of the cultures whether or not methionine was present in the 
medium, but the p isomer was completely ineffective under both conditions. 
In the presence of an adequate concentration of L-cystine, L- and p-methio- 
nine produced identical response curves, indicating comparable activity. 
In the absence of cystine, both isomers of methionine were ineffective. 
These experiments clearly establish that the tissue cultures have a specific 
requirement for L-cystine, but that the requirement for methionine is a 
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supplementary one which can be satisfied equally by the L or D isomer, 
This finding is in good agreement with the earlier observation by Grau 
and Almquist (11) that pLt-methionine was equivalent to L-methionine for 
growth of the chick. Recent studies on the amino acid requirements of 
man (12) have shown that p-methionine, in contrast to the behavior in 
man of the p isomers of all other essential amino acids, was as effective as 
pL-methionine in the maintenance of nitrogen equilibrium. It should be 
pointed out that the present studies appear to be the first in which the 
pure L isomer has been compared directly with the p isomer. They there- 
fore provide a quantitative evaluation of the unusual activity of p-methio- 
nine in biological systems. 

The observation that chick embryonic heart cultures have a specific re- 
quirement for L-cystine but a non-specific one for methionine suggests that 
only part of the methionine molecule may be functionally active in this 
biological system. The basal synthetic medium employed throughout 
these studies, m 150, contains a relatively high concentration of choline 
(0.5 mg. per liter). Recent experiments have shown (unpublished data) 
that the cystine and methionine relationship is altered by the omission 
of choline from this medium. This suggests that the supplementary re- 
quirement for methionine may possibly be related to the supply of labile 
methyl groups. 

The reference synthetic medium, m 150, contains 20.0 mg. per liter of 
L-cystine and 30.0 mg. per liter of pt-methionine. Both the cystine and 
methionine concentrations are, therefore, close to the optimal effective 
levels established in the present studies. The relative amino acid concen- 
trations in this medium were originally calculated from published tables of 
analyses of a variety of animal proteins (13). It is interesting to note that 
the quantitative interrelationships between cystine and methionine estab- 
lished in the present experiments approximate the balance between these 
two amino acids found in most animal proteins. It is hoped that intensive 
studies of metabolic pathways, under precisely controlled conditions in tis- 
sue cultures, may help to explain the quantitative aspects of the balance 
found in vivo by showing the effects of imbalance on individual tissues. 


SUMMARY 


1. Freshly explanted chick embryonic heart tissues cultivated in vitro in 
a synthetic medium devoid of sulfur amino acids showed a graded response 
on the addition of cystine but not methionine. For maximal survival of 
the cultures, supplementation of the cystine with methionine was necessary. 
In the presence of adequate cystine (10.0 to 100.0 mg. per liter), 0.01 mg. 
per liter of L-methionine produced optimal culture survival. 

2. The tissue cultures were found to possess a specific requirement for 
L-cystine, but p-cystine was completely inactive. 
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mer, 3. In the absence of cystine, neither L- nor p-methionine had any effect 
rau on the survival of the cultures. In the presence of 10.0 mg. per liter of 
> for L-cystine, L- and p-methionine showed equivalent supplementary activity. 
is of 4. The combination of a high concentration of L-cystine (100.0 mg. per 
yr in liter) with the same concentration of p-methionine reduced the survival of 


re as the cultures to that obtained in the complete absence of sulfur amino acids. 
d be 


_ the The technical assistance of Miss J. Gagnon, Mrs. D. Gordon, and Mr. 
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DIALKYLFLUOROPHOSPHATASES OF MICROORGANISMS* 
II. SUBSTRATE SPECIFICITY STUDIES 


By L. A. MOUNTER anp KENNETH D. TUCK 


(From the Department of Biochemistry, School of Medicine, University of 
Virginia, Charlottesville, Virginia) 


(Received for publication, December 12, 1955) 


Enzymes which hydrolyze diisopropyl fluorophosphate (DFP) and re- 
lated compounds are widely distributed in animal tissues and microorgan- 
isms (1-4). These dialkylfluorophosphatases (DFPases) have been shown 
to have different characteristics as determined by their substrate specifici- 
ties and the effects of metal ions (5-11). 

Previous studies with DFPases of microorganisms (4) were limited to 
DFP as the only substrate. The present investigation was carried on to 
characterize the DF Pases in microorganisms by using a number of organo- 
phosphorus compounds as substrates. 


Materials and Methods 


Escherichia coli, Pseudomonas fluorescens, Streptococcus faecalis, and Pro- 
pionibacterium pentosaceum were used in these studies. In previous papers, 
the procedures for growing and storing the organisms and the method of 
determining the rates of hydrolysis of organophosphorus compounds were 
presented (4, 8). 

The following substances were tested as DFPase substrates: diisopropyl 
fluorophosphate,! diethyl and dibutyl fluorophosphates,? tetraethyl pyro- 
phosphate,’ tetra-n-propyl pyrophosphate,‘ tetraisopropyl pyrophosphate,‘ 
bis (dimethylamino) fluorophosphate,® tetrakis (dimethylamino) pyrophos- 
phate,® triethyl phosphate,® O ,O-dimethyl-2 ,2 ,2-trichloro-1-hydroxyethy] 
phosphate,’ O,O-dimethyl-O-3-chloro-4-nitrophenyl thiophosphate, O,O- 
diethyl-O-4-nitrophenyl phosphate,’ and O,0O-diethyl-p-nitrophenyl thio- 

* This investigation was supported by a research grant No. G-4246 of the National 
Institutes of Health, Public Health Service. 

1 Provided by the United States Army, Medical Division, Chemical Corps. 

2 Prepared from chlorophosphates donated by the Victor Chemical Works, Chi- 
cago, Illinois. 

3 Gift of the Niagara Chemical Company. 

‘ Gift of the Victor Chemical Works. 

5 Donated by Dr. R. L. Metcalf. 

6 Donated by the Virginia-Carolina Chemical Company. 

7 Donated by Chemagro Corporation, New York. 

8’ Donated by Dr. 8. A. Hall, United States Department of Agriculture. 
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phosphate. Substrate concentrations were 25 mm for experiments with 
mixed substrates and 10 mm in all other cases. When inhibitors were used, 


TABLE I 
Hydrolyses of Organophosphorus Compounds by Microorganisms 
The rate of hydrolysis = microliters of CO. per 100 mg. of organism per hour. 
Substrate concentrations, 10-?m. All the determinations were made in the presence 


of 10-* m Mn*+. The figures in parentheses represent the percentage rate of DFP 
hydrolysis. 








Rate with organism 
Compound 








E. coli P. fluorescens | P. —_ S. faecalis 
2 | 


Diisopropy] fluorophosphate 
(DFP) 3100 (100) | 980 (100) 





| 
aaa 
| 
| 300 (100) | 50 (100) 
Diethyl] fluorophosphate (DEFP) | 3800 (120) | 900 (90) | 600 (75) 100 (200) 
Di-n-butyl fluorophosphate 
(DBFP) 2150 (55) 960 (100) | 460 (60) 50 (100) 
Bis (dimethylamino) fluorophos- 
phate 0 (0) 0 ( 0 (0) 
Tetraethyl pyrophosphate x 
(TEPP) 1300 (40) | 390 (40) | 130 (15) | 20 40) 


Tetra-n-propyl fluorophosphate | 2600 (80) | 650 (65) 
Tetraisopropyl fluorophosphate 350 (10) | 160 (15) 
Tetrakis(dimethylamino)pyro- 
phosphoramide 0 (0) 0 (0) 0 (0) 
0,0-Dimethyl-2,2,2-trichloro-1- 
hydroxyethyl phosphate 





(Dipterex) 0 (0) 0 (0) 0 (0) 
Dichlorovinyl dimethyl phos- 

phate (DCVMP) 610 (40)* | 250 (50)* | 190 (45)* 
Triethyl phosphate 0 (0) 0 (0) 0 (0) 
Diethyl cyanophosphate 320 (10) | 230 (25) 
0,0-Diethyl-O0-4-nitropheny] 

phosphate (Paraoxon) <50 0 (0) <20 0 (0) 
O,0-Diethyl-O0-4-nitropheny] | 

thiophosphate (Parathion) 0 (0) 0 (0) 0 (0) 


0,0-Dimethy1-0-3-chloro-4-ni- 
tropheny! thiophosphate 
(Chlorothion) 0 (0) 0 (0) 0 (0) 











* Percentage rate times 2 as hydrolysis of 1 mole of substrate liberates 1 mole of 
acid (cf. Mounter and Dien (20)). 


these were incubated for 15 minutes with the organism before mixing with 
the substrate. 
EXPERIMENTAL 


P. pentosaceum had not been studied previously with respect to DFP hy- 
drolysis, and the effect of metals on the activity was investigated. It was 
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found that Cot*+ was an effective activator, whereas Mg++ and Mn++ 
showed much less effect. The rate of hydrolysis of DFP by E£. coli was 
considerably greater than that reported previously (4) and may be due to 
the fact that the preparations were obtained from different strains of the 
organism. 

The data for the hydrolysis of a number of organophosphorus compounds 
by the four species of organisms are presented in Table I. Each figure 
represents the average of at least four values obtained from separate dupli- 
cate determinations. Fluorophosphates, pyrophosphates, and dimethyl- 























TaB.eE IT 
Effect of Inhibitors on Hydrolysis of Organophosphorus Compounds by 
Microorganisms 
| | Per cent inhibition by 
° | | | . 
Organism Substrate Phenylmer- | ae Ethylenedi- | en 
chloride | (3 X 10-5 a) | acetic acid | — 
| (1075 wt) | | (1078 at) 
E. coli DEFP ze ae Se Se 
DFP 20 40 65 | 50 
DBFP 25 35 6 | 50 

TEPP 20 | 40 50 | 

DCVMP 20 | 45 60 
P. fluorescens DEFP ha bee ie 45 | 10 
DFP | 40 | 10 3 | 20 
DBFP | 30 | 15 eo irw 

TEPP | 35 15 40 | 

| DCVMP | 35 | 10 45 | 
S. faecalis | DEFP | 20 10 50 5 
| ‘DFP 2 | 10 } 50 | 15 
| DBFP | 10 

! 





10 60 


chlorovinyl phosphate are hydrolyzed at appreciable rates. Bis(dimethyl- 
amino)fluorophosphate and tetrakis(dimethylamino)pyrophosphate, which 
represent compounds in which dimethylamino groups have replaced alkyl] 
radicals, are not hydrolyzed. Dialkylaryl phosphates, dialkylaryl thio- 
phosphates, and simple triesters such as triethyl phosphate do not appear 
to be hydrolyzed. 

The dimethyl ester of oxytrichloroethylenephosphoric acid (Dipterex) 
(12) is a relatively new insecticide of low mammalian toxicity (13). Upon 
treatment with dilute alkali, hydrochloric acid is eliminated and the com- 
pound undergoes rearrangement to yield dimethyldichloroviny] phosphate 
(14, 15), which has considerable toxicity. From the data in Table I, it is 
seen that Dipterex is not affected, but its chloroviny] derivative is readily 
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hydrolyzed. It is worth noting that hog kidney DFPase also hydrolyzes 
dimethyldichlorovinyl phosphate but not Dipterex. 

In specificity studies, it is necessary to prove that a single enzyme is hy. 
drolyzing a number of different substrates. One method for studying such 
a problem involves the use of inhibitors and the determination of their rela- 
tive effects with the different substrates. The effect of four inhibitors on 
DF Pase activities of three species of microorganisms is presented in Table 
II. It is seen that the degree of inhibition of hydrolysis of the substrates 
is approximately the same for each species. 

In view of the structural differences of tetraethyl pyrophosphate, diiso- 
propyl] fluorophosphate, Paraoxon, and dimethylchloroviny! phosphate, the 


TABLE III 
Hydrolyses of Mixed Substrates by Microorganisms 


Substrate concentration, 25mm. The rate of hydrolysis is given in microliters of 
CO: per ml. of cell suspension per 30 minutes. 





























Substrate Mixture 
Organism ee a nn 
A B A Bp |a+B/ 248. 
E. coli DFP* DCVMP 560 190 520 750 
TEPP Paraoxon 220 5 180 225 
DBFP 440 0 330 | 440 
P. fluorescens | TEPP DBFP | 350 620 670 | 970 
DFP . | 450 | 470 | 470 | 920 
P. pentosaceum DFP DCVMP 170 50 115 220 
DEFP TEPP 220 40 190 260 








* For a list of the abbreviations used, see Table I. 


hydrolyses of mixtures of these substances have been determined at high 
concentration at which the limiting velocity of hydrolysis is being ap- 
proached (Table III). The rates of hydrolysis of such mixtures were 
found to be smaller than the sum of the values for the individual substrates. 
These results are in agreement with the belief that each substrate is com- 
peting for the same active centers of a single enzyme. 


DISCUSSION 


The results obtained in this investigation show that DFPases of micro- 
organisms hydrolyze various types of organophosphorus compounds. The 
enzymes are activated by metal ions and hydrolyze fluorophosphates and 
pyrophosphates, but do not attack the dialkylaryl esters studied. The 
relative rates of hydrolysis of the various substrates differ to some degree 
among different species of microorganisms and in general are similar to that 
observed with hog kidney enzyme (16). 
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Doherty and Vaslow (17, 18) and Doherty (19) found that 4-(p-hydroxy)- 
3-acetaminobutanone-2 is a competitive inhibitor of chymotrypsin, whereas 
5-(p-hydroxypheny])-3-ketovalerate is hydrolyzed by this enzyme. Do- 
herty concluded that bond rupture will take place only when the activation 
energy can be sufficiently lowered by the binding of the appropriate groups 
in a compound at the active centers of the enzymes. It has been shown 
(Table I) that DFPase hydrolyzes dialkyl fluorophosphates, tetraalky] 
pyrophosphates, and dialkylchlorovinyl phosphates, but has no effect on 
the respective analogues, bis(dialkylamino)fluorophosphates, tetrakis(di- 
methylamino)pyrophosphates, or trialkyl phosphates. These differences 
are probably derived from the influence of substituents in phosphorus esters 
on the phosphorus atom. The ability of DFPase to hydrolyze organo- 
phosphorus substrates may be attributed to inductive effects of electronega- 
tive substituents. 


SUMMARY 


Enzymes present in microorganisms are capable of hydrolyzing dialkyl 
fluorophosphates, tetraalkyl pyrophosphates, dimethyldichloroviny] phos- 
phate, and diethyl cyanophosphate, but not dialkylaryl phosphates. 


The authors are grateful to the Department of Microbiology for assist- 
ance with the supply of microorganisms. 
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INTRACELLULAR PROTEIN METABOLISM IN EHRLICH’S 
ASCITES CARCINOMA CELLS*f 


By KIVIE MOLDAVE 


(From the Department of Biochemistry and Nutrition, Tufts University 
School of Medicine, Boston, Massachusetts) 


(Received for publication, October 28, 1955) 


Hogness et al. (2) have observed that S**-labeled Escherichia coli proteins 
do not significantly contribute to the synthesis of the induced enzyme §-ga- 
lactosidase. Spiegelman et al. (3) have made similar observations with 
the use of C“. Their results indicate that protein synthesis in these cells 
is practically irreversible, and suggest that proteins are not in dynamic 
equilibria with their constituent amino acids. However, numerous re- 
ports in the literature cite the loss of isotope from labeled proteins in mam- 
malian tissues and have been interpreted as evidence of the dynamic state 
of proteins. Rather than imply an essential difference in the metabolism 
of proteins in mammalian and bacterial cells, Hogness et al. (2) have sought 
an explanation based on the different properties of the two systems. Most 
mammalian tissues consist of heterogeneous populations of cells under dif- 
ferent environments in which some cells are undergoing growth and multi- 
plication while others are dying and lysing; some cells secrete large amounts 
of protein while others appear to remain stable. Cell lysis and protein se- 
cretion would thus afford pathways, other than that involving dynamic 
equilibrium, for the loss of labeled proteins from mammalian tissues. 

It was considered of interest to investigate this aspect of protein metabo- 
lism in a mammalian system. Ascites tumor cells, which can be grown and 
incubated as free cell suspensions, provide a preparation in which a fairly 
uniform environment can be maintained throughout the entire cell popula- 
tion. Release of proteins from these cells by secretion or as a result of cell 
lysis is small and is easily determined. The evidence presented in this re- 
port supports the hypothesis that proteins exist in dynamic equilibria within 
the cell. 


* Presented in part before the meeting of the American Physiological Society at 
Medford, Massachusetts, Sept. 6 to 9, 1955 (1). 

Supported in part by a grant from the Damon Runyon Memorial Fund for Cancer 
Research, Inc. 

+ The author would like to acknowledge the advice and encouragement of Dr. 
Halvor N. Christensen, and the technical assistance of Mr. Edward Rice in part of 
this work. 
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EXPERIMENTAL 


Preparation of Cells—Ehrlich’s mouse ascites carcinoma cells (4) were 
recovered from the peritoneal cavity of mice 6 to 7 days after the intraperi- 
toneal inoculation with small amounts of tumor. The cells were obtained 
free from the ascitic fluid by centrifugation and were suspended in 9 vol- 
umes of Krebs-Ringer-phosphate buffer solution, pH 7.4. The buffer solu- 
tion contained 0.2 ml. of ascitic fluid, 30 units of potassium penicillin G, and 
30 7 of streptomycin sulfate per ml. 

Ascites cells labeled in vivo with C™ were prepared by single intraperi- 
toneal injections. Approximately 3 mg. of pL-alanine-2-C", with a specific 
activity of 4 X 10° c.p.m. per mg. or 2.5 mg. of pL-lysine-2-C" with a spe- 
cific activity of 2 X 10° c.p.m. per mg. were used per animal. In one group 
of experiments, 1 mg. of glycine-2-C" with a specific activity of 15 & 108 
¢.p.m. per mg. was used. The isotopically labeled amino acids were in- 
jected 5 days after the inoculation of the mice with the tumor and 2 days 
prior to the removal of the ascites cells. Only non-hemorrhagic prepara- 
tions were used. The cells were separated from the ascitic fluid by cen- 
trifugation and resuspended in, Krebs-Ringer-phosphate buffer solution 
as described above. 

Incubations in Vitro—In the experiments in vitro which involve unlabeled 
or C-labeled ascites cells freshly removed from tumor-bearing mice, 3 ml. 
aliquots of the 1:10 ascites cell-buffer solution suspension were incubated 
in 25 ml. Erlenmeyer flasks at 37° with continuous shaking. The flasks 
containing unlabeled cells received 500,000 c.p.m. of radioactive alanine, 
lysine, or glycine. Some of the incubations with cells previously labeled 
in vivo were repeated in bicarbonate buffer in the presence of 3 mg. of glu- 
cose per flask, but no significant differences were observed. Incubations 
in vitro were carried out in duplicate for 3, 6, and 9 hours. At the end of 
the incubation period, the contents of the flasks were centrifuged to obtain 
the ascites cells. Separation into acid-soluble, lipide, nucleic acid, and pro- 
tein fractions was carried out after precipitation of the acid-insoluble por- 
tion with perchloric acid (5,6). Values presented for the nucleic acid frac- 
tion include both ribose and deoxyribose nucleic acids. 

In the experiment with radioglycine, the acid-soluble fraction was fur- 
ther separated into anionic, cationic, and neutral constituents by means of 
several 1 X 2 cm. ion exchange resin columns. After the removal of the 
perchlorate as the insoluble potassium salt, the slightly alkaline “‘acid-solu- 
ble” fraction was passed through a Dowex 1 formate column. The effluent 
and wash were adjusted to pH 2 and passed through a Dowex 50 H* col- 
umn. A 2N HCl eluate from the Dowex 1 column and a 1 mM NH,OH elu- 
ate from the Dowex 50 column were obtained as well as a neutral effluent 
from both columns (Dowex 50 effluent). Since the Dowex 50 eluate con- 
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tained small amounts of material which absorbed in the ultraviolet region 


we with a peak at about 260 my, further purification was achieved by aerating 
ri. the ammonia and passing the neutralized solution through an activated 
vedi charcoal column. Only the values obtained for the charcoal effluent, which 
ol should correspond to a purified free amino acid preparation, are included 
Ju- in the present study. Portions of this fraction were also chromatographed 
ind on paper with water-saturated phenol as the solvent. 

Incubations in Vivo—Samples of 1 ml. of the cell suspension in Krebs- 
eri- Ringer solution were placed in cellophane dialysis sacs (0.7 X 2 em.) which 
sfie were tied at both ends. The bags thus prepared were introduced into the 
pe- peritoneal cavity of normal mice and allowed to remain for the duration 
up of the zn vivo “incubations.” The dialysis bags were then removed, and 
108 the contents quantitatively recovered by washing with small volumes of 
in- buffer solution. 
ays In the experiments which involved the implantation of non-radioactive 
ra- cells, the material recovered from the implants in dialysis bags was sus- 
en- pended in a total volume of 3 ml. with Krebs-Ringer-phosphate buffer so- 
tion lution containing 1.5 mg. of glucose per ml. Incubations in vitro were car- 


ried out for various periods of time at 37° with continuous shaking in the 
oled presence of C-labeled lysine. Each flask received approximately 250,000 


mil. c.p.m. of lysine-2-C“. At the end of the in vitro incubations, the proteins 
ted were prepared as described above. 

sche In the experiments which involve the implantation of cells previously 
ine, labeled with radiocarbon, the contents of the bags were recovered and the 
eled cells obtained by centrifugation. After precipitation of the acid-insoluble 
glu- residue with perchloric acid, the lipide, nucleic acid, and protein fractions 
cone were prepared (5, 6). All the incubations were carried out in duplicate. 

d of Measurements of Radioactivity—Duplicate aliquots from all fractions 
tein were plated directly, and the radioactivity was determined with a gas flow 
pro- tube. The proteins were plated from a suspension in ethanol-water. A 
por- minimum of 4000 counts was taken and the appropriate self-absorption 
Frac. | corrections applied. 

re Results 
as of The incorporation in vitro of alanine-2-C™, lysine-2-C™, and glycine-2-C™ 
t the into the lipides, nucleic acids, and proteins of ascites cells incubated for 


solu- periods up to 9 hours is shown in Table I. The rate of uptake of all three 
uent amino acids is markedly diminished after the 3rd hour of incubation. 


 col- Incorporation, indicative of metabolic activity, continues up to and beyond 
-elu- the 9th hour. 

luent Table II presents the results obtained from incubations in vitro of cells 
con- previously labeled with radioactive alanine and lysine. The activity in the 
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lipide fractions is low originally but increases with time of incubation. 
The radioactivity associated with the nucleic acids and proteins decreases 
12 and 20 per cent, respectively, in 9 hours in the experiments with alanine- 
labeled cells. Incubation of cells labeled with C™-lysine resulted in a re- 


TaBLe [ 
Incorporation in Vitro of Labeled Alanine, Lysine, and Glycine into Ascites Cells* 
The results are expressed as total counts per minute recovered in each fraction. 























| Alanine Lysine Glycine 
3 hrs. | 6hrs. | 9 hrs. 3 hrs. 6 hrs. 9 hrs. 3 hrs. 6 hrs. | 9 hrs, 
| 
Lamde......... 82 | 244) 456 745 810 942 1,700 2,400) 2,700 
Nucleic acid. .| 4270 | 5050 | 5350 722 782 890 | 19,600 (32, 200 38,700 
Protein. ...... 6290 | 6750 | 7380 | 16,700 | 18,500 | 19,700 | 40,700 |54, 50060, 700 





* 500 mg. wet weight of cells were incubated with approximately 500,000 c.p.m. of 
the C-labeled amino acid. 


TaBLeE II 


Concentration of Radiocarbon in Fractions from C'4-Labeled Ascites 
Cells Incubated in Vitro 


Ascites cells are labeled with alanine-2-C" and lysine-2-C", respectively. 





















































Radioactivity’ | See 
aime of | Lipide | ‘Nucleic acid Protein 
Alanine Lysine Alanine | Lysine 
= Lysine | Alanine |Lysine|Alanine| Lysine 

hrs. mg. mg = 

0 92 | 477 | 1630 | 590 | 3560 | 34,400 30.32 35.18 118 980 

3 113 | 483 | 1550 | 582 | 3370 | 32,200 29.67 33.27 114 960 

6 141 | 574 | 1440 | 600 | 3000 | 29,200 27.71 32.57 108 890 

9 169 | 694 | 1400 | 608 | 2900 | 26,100 27 .64 32.26 106 810 





* Total counts per minute in each fraction. 
¢ Counts per minute per mg. of protein. 


lease of 27 per cent of the protein-bound C. No change was observed in 
the isotope content of the nucleic acid fraction. Approximately 8 to 10 
per cent of the cells incubated is lost through lysis, as reflected by the weight 
of the protein recovered. Cell counts on sedimentable material, not re- 
ported here, confirm this finding. Cell loss thus accounts for most of the 
radioactivity lost from the nucleic acids, but protein-bound radioactivity 
is reduced by 10 to 17 per cent in excess of this, as shown by the decrease 
in the specific activity. 
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The results of analyses performed on incubations with cells labeled in 
vivo with C'-glycine are presented in Table III. Radioglycine was used 
since its high specific activity yielded a much greater labeling in the protein 
than with alanine or lysine. The suspending medium obtained by centrifu- 
gation at the end of the incubation period was also analyzed. The acid- 
soluble fractions from the cells and the medium were processed as de- 
scribed above to obtain a purified “free amino acid” preparation. Table 
III shows that the radioactivity associated with this fraction rises intra- 
cellularly first and then extracellularly during the incubation. The total 
number of counts recovered account for about 12 per cent of the activity 
originally present in the protein. Chromatography on paper with H,O- 











TaBLe III 
Release in Vitro of Radioactivity from Ascites Cell Proteins Labeled with Glycine-2-C'** 
Charcoal effluent from acid-soluble Protein recovered from incubation 
ractions medium 
Time of 
incubation . 
Cells _aee Activityt 

hrs. mg. c.p.m.t 
0 2,800 0 3.9 0 0 
3 15,000 4400 3.8 6, 200 
6 17,600 6000 4.8 8, 200 9,100 
9 18,700 9400 5.6 16,000 10, 100 




















* The cells in each flask contained about 30 mg. of total protein labeled with 
approximately 200,000 c.p.m. (specific activity = 6600 c.p.m. per mg.). 
+ Total counts per minute recovered. 


t Activity = counts per minute per mg. of additional protein recovered in the ex- 
tracellular fraction. 


saturated phenol revealed only one radioactive area, in the glycine-serine 
region. Also included in Table III are the values obtained for the protein 
recovered from the incubation medium. Approximately 4 mg. of protein 
are present originally from the addition of ascitic fluid. During the 9 
hours of incubation, an increase in the extracellular protein is observed 
which accounts for about 6 per cent of the weight and 8 per cent of the 
radioactivity of the cell protein. The “activity” of the excess protein 
found in the incubation medium is 10,000 c.p.m. per mg. as compared to 
6600 for the cellular protein. 

Analyses of the extracellular protein recovered from the incubations in 
vivo of glycine-labeled cells are summarized in Table IV. Very small 
amounts of extra protein are recovered in the extracellular medium. The 
“activity” of the released protein is somewhat higher than the specific 
activity of the original cell protein. 

The effect of the incubation in vivo on the growth and multiplication of 
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the ascites tumor cells is shown in Table V. Within 24 to 48 hours, ap- 
proximately a 2-fold increase in the number of cells occurs. This observa- 
tion was made by counting the cells in a hemocytometer counting chamber 
with a phase-contrast microscope. The cells, on microscopic examination, 
appeared considerably smaller in the incubated preparations than in the 


TaBLe IV 


Analysis of Extracellular Protein Recovered from Incubations in Vivo of Dialysis Sacs 
Containing C'*-Glycine-Labeled Ascites Cells* 











Extracellular protein 
Time of incubation 

Total c.p.m. recovered Activityt 

hrs mg. 
0 1.1 0 0 
7 1.3 2810 14,100 
24 1.6 5030 10,000 
48 1.5 5390 13,500 














* The cells in each sac contained about 16 mg. of total protein labeled with ap- 
proximately 130,000 c.p.m. (specific activity = 8100 c.p.m. per mg.). 

{ Activity = counts per minute per mg. of additional protein recovered in the 
extracellular fraction. 











TABLE V 
Effect of Incubation in Vivo on Multiplication and Growth of Ascites Tumor Cells* 
Experiment A Experiment B Experiment C 
a 4 . 
incu ion 
Cells per ml. | Dry weight | Cellsper zl | Dey weight Cell per ml | Dry weight 
hrs x 10-6 mg. xX 10-6 mg. X 10-6 ts - 
0 5.0 26.0 3.6 18.3 5.7 30.3 
24 11.6 24.6 6.2 16.7 10.1 32.9 
48 4.4 20.4 10.3 29.5 























* Intraperitoneal implants of 1 ml. of ascites cell suspension in dialysis mem- 
branes. 


original samples. Dry weight determinations, however, indicate that no 
gain in the total dry weight of the cells occurred within the dialysis mem- 
brane. The results described in Table V are borne out by the weights of 
the proteins recovered from implantations of labeled cells (Table VI). 
The extent of incorporation of C'-lysine into the proteins of ascites 
tumor cells which had previously been maintained intraperitoneally in 
dialysis bags for 24, 48, and 96 hours is shown in Fig. 1. Incubations in 
vitro in the presence of lysine-2-C™ were carried out for 1, 2, and 4 hours 
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with the unlabeled cell suspensions recovered from the membranes. For 
purposes of comparison, values are included on the incorporation of the 
amino acid into the proteins of cells maintained for periods of time equiva- 
lent to those used in the peritoneal implants, but kept at 4°. Fig. 1 shows 


i 


6 


SPECIFIC ACTIVITY (c.p.m./mg. X10™) 











l 2 3 4 
INCUBATION TIME (hours) 
Fic. 1. Incorporation in vitro of C14-lysine into the proteins of ascites cells main- 
tained intraperitoneally in dialysis bags. @, 24 hours; M™, 48 hours; A, 96 hours; 
stored at 4°, O, 24 hours; 0, 48 hours; A, 96 hours; X, into fresh cells. 


TaBLe VI 


Concentration of Radiocarbon in Fractions from C'*-Labeled Ascites 
Cells Incubated in Vivo 


Ascites cells are labeled with alanine-2-C™ and lysine-2-C™, respectively. 























Radioactivity* “a ae ad 
piel | = Ligh Nucleic acid Protein 
5 Alanine Lysine | Alanine | Lysine 
Alanine | Lysine |Alanine al Alanine} Lysine 
ra mg. mg. 
0 31 132 505 | 226 | 1190 | 11, 8.98 | 12.31 | 132 920 
7 44 207 446 | 227 | 1160 ' 10.97 | 12.08} 106 730 





1,400 
8,820 
“a | 6 362 | 372 | 197 | 875 | 7,650} 10.51 | 12.29 83 620 
48 | 43 570 | 315 | 175 | 809] 5,500; 10.11 | 11.60 80 470 


* Total counts per minute in each fraction. 
} Counts per minute per mg. of protein. 
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that the activity of reimplanted cells, as reflected by the incorporation of 
C* from lysine into the proteins, is considerably higher than that of ascites 
cells freshly removed from tumor-bearing mice. This activity is highest 
24 hours after reimplantation in dialysis membranes, decreases with time, 
and approaches that of fresh cells after 96 hours. Cells stored at 4° ex- 
hibit a decreasing ability to incorporate amino acids, the specific activity 
of the proteins being extremely low in cells previously stored for 96 hours, 

Intraperitoneal implantation of cells previously labeled in vivo with 
alanine-2-C™ resulted in a decrease in the C“ content of the nucleic acid 
and protein fractions (Table VI). The activity in the lipide fraction ap- 
peared to increase with time. Approximately 38 per cent of the radioac- 
tivity associated with the nucleic acids was lost during the 48 hour incuba- 
tion. The decrease in the specific activity of the protein indicated that 
about 40 per cent of the protein-bound radioactivity was released during 
this period. The results obtained from comparable experiments performed 
with cells previously labeled with lysine-C" are also presented in Table VI. 
The C* activity in the lipide fraction apparently increased in the course 
of the experiment, but the nucleic acid fraction lost about 22 per cent of 
its activity and the specific activity of the proteins decreased approxi- 
mately 50 per cent. 

DISCUSSION 

The in vitro system consists primarily of surviving cell populations. The 
ability of such preparations to incorporate amino acids is markedly dimin- 
ished after the first 3 hours. Intraperitoneal implantations of dialysis 
membranes containing ascites tumor cell suspensions result in increases 
in the numbers of cells. Concomitant with cellular division is the enhanced 
ability to incorporate radioactive lysine. Christensen has described briefly 
the technique of reimplantation of cells in collodion bags (7). The data 
presented in this report confirm his observation that a 2-fold increase in 
the number of cells occurs within 48 hours. The finding that a gain in the 
dry weight of the cells, and therefore chemical growth, did not occur has 
also been confirmed. Christensen postulates, as possible explanations for 
the failure of growth, the nutritional requirements of the ascites tumor cell 
for macromolecules or the exclusion of a possible host factor which ordi- 
narily serves to prevent cohesion of cells observed in his experiments. 

Although incubation of C-labeled ascites cells in vitro or in vivo resulted 
in a decrease in the amount of radioactivity associated with the proteins, 
the lipide fraction continued to incorporate isotope. It is possible that the 
cell may be utilizing metabolic products of the amino acids released from 
the protein for the synthesis of lipide components. 

In the incubations in vitro, no changes were observed in the nucleic acid 
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fraction with either alanine or lysine-labeled cells. These data would 
indicate that the nucleic acids may be metabolically inert under these 
conditions. The labeling of the various components in the ascites cells 
with either alanine or lysine resulted in the loss of a considerable portion 
of the radioactivity in the nucleic acid fraction on reimplantation (Table 
VI). The results obtained with the nucleic acids indicate a difference in 
the metabolic activity of the two systems investigated, particularly that 
associated with cell division in the incubations in vivo. 

In both the in vitro and in vivo conditions, radiocarbon is released from 
the protein fraction. A decrease of 10 to 17 per cent in the specific activity 
of the protein was observed in the 9 hours during which labeled cells were 
maintained in vitro. Intraperitoneal implantation of labeled cells, however, 
resulted in a decrease of 40 to 50 per cent in the specific activity of the 
protein in 48 hours. The observation that loss of C“ from the proteins 
occurs without concomitant loss in the amount of protein suggests that 
radioactive amino acids in the protein are being replaced by non-isotopic 
constituents from the free amino acid pool. Since the labeled cells used 
in these experiments were obtained 48 hours after the administration of 
the isotope, the intracellular pool provides a source of unlabeled free amino 
acids. In the in vitro system, this pool is supplemented by the additions 
of unlabeled ascitic fluid. 

Cowie et al. (8) failed to observe a significant release of radioactive sulfur 
from labeled Z. coli cells; this observation has been interpreted as further 
evidence that bacterial proteins are not in a dynamic state. However, 
ascites cells whose proteins were labeled in vivo with radioglycine released 
free amino acids intracellularly on incubation in vitro. Simpson (9) ob- 
served that conditions which limit the release or utilization of energy de- 
press the liberation of labeled methionine or leucine from the protein of 
liver slices in vitro. It has been demonstrated that components also exist 
in yeast cells which can break down to their constituent amino acids (3). 

Evidence that protein metabolism is not a one way process in which 
only synthesis occurs has been presented by a number of investigators. 
Greenless and LePage (10) and Babson and Winnick (11) have found that 
radioactivity is released from labeled proteins of actively growing tumor 
cells. Chibnall (12) has found that N'*-ammonia was incorporated into 
the proteins of detached leaves even while a large amount of protein was 
being broken down. This finding was presented as evidence of a protein 
eycle in which protein synthesis is maintained even under conditions which 
enhance breakdown. Since loss of protein may be occurring through cell 
lysis, protein secretion, etc., as suggested by Hogness et al. (2), it is difficult 
to interpret these results as direct evidence of an intracellular protein cycle. 

The possibility exists that the decrease in the specific activity of the cell 
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proteins with time results from the preferential leakage from the cell of a 
small amount of protein of high specific activity. The observations made 
on the release of C* from glycine-labeled cells do not appear to support 
this possibility. Free amino acids are released in vitro from labeled cells, 
This release occurs primarily intracellularly. The extent to which free 
amino acids are released is of the same order of magnitude as the decrease 
in the specific activity of the protein (12 per cent). The per cent of radio- 
active protein which appears in the incubation media in vitro is in agree- 
ment with the per cent of cell loss due to lysis (8 per cent). The total 
counts per minute and “activity” of the proteins released either in vivo or 
in vitro do not appear to be sufficiently high to indicate the preferential 
loss of a highly labeled protein. 

The evidence presented in this study suggests that the decrease in the 
specific activity of the protein and the appearance of labeled free amino 
acids within the cell are a reflection of a dynamic process in these cells 
whereby labeled amino acids in the protein molecule are being replaced by 
constituents from the free amino acid pool. 


SUMMARY 


Ehriich’s ascites carcinoma cells were labeled in vivo with radioactive 
alanine, lysine, or glycine. 

On incubation 7n vitro of labeled cells, a loss in the radioactivity associated 
with the proteins occurred. Intracellular release of radioactive free amino 
acids from labeled proteins was also demonstrated. 

Implantation of ascites cells in dialysis membranes into the peritoneal 
cavity of mice resulted in a 2-fold increase in the number of cells within 48 
hours. Growth, as manifested by a gain in weight, did not occur in such 
preparations. Reimplantation of cells previously labeled with C'-alanine 
or lysine resulted in a loss of radioactivity from the nucleic acids. The 
specific activity of the proteins was markedly decreased in the 48 hou 
period. 

The evidence presented suggests that a dynamic equilibrium exists be- 
tween proteins and free amino acids within these cells. 


BIBLIOGRAPHY 


= 


. Moldave, K., Am. J. Physiol., 183, 646 (1955). 

. Hogness, D.8., Cohn, M., and Monod, J., Biochim. et biophys. acta, 16, 99 (1955). 

3. Spiegelman, S8., Halvorson, H. O., and Ben-Ishai, R., in McElroy, W. D., and 
Glass, B., Amino acid metabolism, Baltimore, 124 (1955). 

. Christensen, H. N., and Riggs, T. R., J. Biol. Chem., 194, 57 (1952). 

. Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 183, 123 (1950). 

6. Tyner, E. P., Heidelberger, C., and LePage, G. A., Cancer Res., 18, 186 (1953). 


i) 


ao 





YIM 


ll of a 
made 
pport 
| cells, 
h free 
crease 
radio- 
agree- 
> total 
ywv0 OF 
rential 


in the 
amino 
e cells 
ced by 


oactive 


ociated 
- amino 


ritoneal 
thin 48 
in such 
alanine 
3s. The 
18 hour 


cists be- 


)9 (1955) 


_D., and 


(1953). 





asa eaa 


K. MOLDAVE 553 


. Christensen, H. N., in McElroy, W. D., and Glass, B., Amino acid metabolism, 


Baltimore, 63 (1955). 


. Cowie, D. B., Bolton, E. T., and Sands, M. K., J. Bact., 60, 233 (1950). 
. Simpson, M. V., J. Biol. Chem., 201, 143 (1953). 

. Greenless, J., and LePage, G. A., Cancer Res., 15, 256 (1955). 

. Babson, A. L., and Winnick, T., Cancer Res., 14, 606 (1954). 

. Chibnall, A., New Phytologist, 68, 38 (1954). 











YIIM 








CORRECTIONS 


On page 22, line 37, and on page 24, line 21, Vol. 219, No. 1, March, 1956, read 
$-0-(8-D-A*5-glucoseenpyranosyluronic acid) -2-deoxy -2-acetamido-D-glucose for 
$-0-(8-D-A*:4-glucoseenpyranosyluronic acid) -2-deoxry-2-acetamido-D-glucose. 


On page 911, legend to Fig. 8, line 2, and on page 912, legend to Fig. 9, line 2, 


Vol. 219, No. 2, April, 1956, read fractions represented in Fig. 7 for fractions repre- 
sented in Fig. 8. 
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ON THE OCCURRENCE OF GLYCINAMIDE RIBOTIDE 
AND ITS FORMYL DERIVATIVE* 


By DAVID A. GOLDTHWAIT,{t RICHARD A. PEABODY,} anp 
G. ROBERT GREENBERG 


(From the Department of Biochemistry, Western Reserve University 
School of Medicine, Cleveland, Ohio) 


(Received for publication, October 12, 1955) 


Inosinic acid is synthesized from small molecules such as glycine, for- 
mate, and CO, by a multienzyme system present in pigeon liver (1-3). 
This paper reports the occurrence of two new aliphatic ribotides synthe- 
sized by this system and describes their isolation and metabolic interrela- 
tionships. ‘These compounds have been shown to be precursors of inosinic 
acid (4-6) and have been assigned the following tentative structures: N-gly- 
cyl-5-phosphoribofuranosylamine (glycinamide ribotide) (I) and N(a-N- 
formyl)glycyl-5-phosphoribofuranosylamine (formylglycinamide ribotide) 
(II). 


Pv ? = i a i " 
0 NV CH,0PO.H ie) N CH,OPO.H 
A bs On, / 2' 3"lo \.70n ON, / 2 32 
7 
fo) 
” : I 


Evidence for the structure of these compounds will be presented in a 
subsequent paper (7). 


Materials 


Most of the substrates employed have been described previously (3). 
Glycine-1-C™ was prepared by the method of Sakami et al. (8). For radio- 


* This work has been supported by grants from Eli Lilly and Company, the Elisa- 
beth Severance Prentiss Foundation, and the National Institutes of Health, United 
States Public Health Service, grant No. 8-3840. 


+ Oglebay Fellow in Medicine and Biochemistry, 1952-55. 

t DuPont Predoctoral Fellow, 1954-55. A portion of this work is included in the 
thesis submitted by Richard A. Peabody to the Graduate School of Western Reserve 
University in September, 1955, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Biochemistry. 
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autographic studies a specific activity of 77,000 c.p.m. per umole was em- 
ployed, while for isolation of intermediates on ion exchange columns the 
activity was 3000 to 5000 c.p.m. per umole. 

The preparation of the fresh acetone powder extract has been described 
(3). The Dowex-treated and dialyzed extract was prepared by extracting 
10 gm. of acetone powder (3) with 100 ml. of 0.05 m K,HPO, for 30 minutes, 
This material was centrifuged at 5000 X g for 20 minutes, and the super- 
natant solution was passed through a Dowex 1 column (HCO; form, 1.82 
sq. cm. X 12 cm.) for a period of 1 to 2 hours. The column was washed 
with 20 ml. of water, and the combined effluents were dialyzed against 
running 0.05 m K,HPOQ, solution (20 liters) for 18 to 24 hours and lyophil- 
ized (yield 3.4 gm.). All operations prior to lyophilization were performed 
at 0-4°. The powder was taken up in water (100 mg. per ml.) immediately 
before use. The protein concentration of this solution was 70 to 80 mg. 
per ml. 


Methods 


Determination of C*-Formate Incorporation into Purine and Non-Purine 
Fractions—The C-formate incorporated into the 2 and 8 carbons of ino- 
sinic acid and hypoxanthine was determined by hydrolysis with sulfuric 
acid, oxidation of the resulting CO to COs, and measurement of the radio- 
activity as BaCO; (3). The results were corrected to an infinitely thin 
layer. The incorporation of formate into all fractions (total formate fixa- 
tion) was determined by pipetting a 0.05 ml. aliquot of the trichloroacetic 
acid filtrate of the reaction mixture into a glass planchet (Tracerlab, Inc.). 
After addition of 5 drops of water and 5 drops of alcohol, the solution was 
dried slowly under an infra-red lamp, and the radioactivity of the residue 
was measured. These results were corrected to give values equivalent to 
those obtained when the samples were counted as BaCO;. The non-purine 
fraction was calculated as the difference between the total formate fixed 
per vessel and the formate incorporated into the 2 and 8 carbons of purine. 

Assay for Formylglycinamide Ribotide—The synthesis of formylglycinam- 
ide ribotide was measured by the incorporation of C'4-formate into a form 
which was unstable to acid hydrolysis. This was calculated as the differ- 
ence between the total formate fixation (described above) and the fixation 
into a fraction stable to acid hydrolysis. To determine the radioactive 
fraction not hydrolyzed by acid, 0.2 ml. of the trichloroacetic acid filtrate 
was heated at 100° for 15 minutes with 0.1 ml. of 3 Nn HCl. After dilution 
with water to 2.0 ml., a 0.5 ml. aliquot was pipetted into a glass planchet, 
dried, and counted. 

Assay for Glycinamide Ribotide—The formation of the glycinamide ribo- 
tide was estimated by employing glycine-1-C™ as a precursor. The amide 
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linkage in glycinamide ribotide and in formylglycinamide ribotide was not 
affected by heating to 100° at pH 5.4. Therefore, on treatment of an 
aliquot of the reaction filtrate with ninhydrin, the radioactivity which re- 
mained after the residual glycine-1-C"* was decarboxylated represented 
glycinamide ribotide (or formylglycinamide ribotide). A 0.1 ml. aliquot 
of the trichloroacetic acid filtrate was pipetted carefully into the bottom of 
a small test-tube and neutralized with 1 N sodium hydroxide by using brom 
thymol blue. 1 ml. of 0.1 m potassium phosphate buffer, pH 5.4, 0.1 ml. 
of 0.1 M non-radioactive glycine, and 1.0 ml. of ninhydrin solution (30 mg. 
per ml.) were added. The tube was covered with a glass marble and heated 
at 100° for 30 minutes. The mixture was cooled, and after the addition 
of 1 drop of caprylic alcohol it was aerated with CO; for 15 minutes. Wa- 
ter was added to 10 ml., and a 2 ml. aliquot was pipetted into a glass 
planchet, dried, and counted. The factor for the correction of the results 
to an infinitely thin layer in a glass planchet was found to be approximately 
2.4. Evidence for the specificity of these assays is presented under “Re- 
sults.” 

Chromatography—F or all paper chromatographic studies except the large 
scale preparations, Whatman No. 1 paper was employed. Two-dimen- 
sional chromatograms were developed by the ascending technique. For 
large scale preparations a thick paper (Eaton and Diekman No. 627-030) 
was used. A single thickness of Whatman No. 1 was sewn on as a leader 
to control the rate of solvent flow from the trough to the starting line. 
The following solvent systems were employed (all ratios are in volume pro- 
portions): (1) propanol and water (65:34) in an atmosphere of ammonia 
(0.5 ml. of 1 M ammonium hydroxide per liter of jar volume), (2) pyridine 
and water (65:35), (3) n-butanol-17.6 N acetic acid-water (2:1:1), (4) iso- 
propanol-water (70:30) with 0.35 ml. of concentrated ammonium hydroxide 
per liter of jar volume, (5) propanol-water (60:40), (6) 95 per cent ethanol- 
water (77:23), and (7) methanol-formic acid (88 per cent by weight)-water 
(80:15:5). With Solvent 6 the paper was dipped in 1.2 per cent sodium 
citrate buffer, pH 5.4, and dried prior to application of compounds. 

Radioactive compounds were located with a monitor and were eluted 
with water from the papers by descending chromatography. For radio- 
autograms, precursors with a specific activity of 60,000 to 120,000 c.p.m. 
per ymole were employed. 0.1 ml. of the trichloroacetic acid reaction fil- 
trate was applied to a spot 1 cm. in diameter and was chromatographed 
in two dimensions. The dried chromatogram was exposed to x-ray film 
for 4 to 7 days. A permanent photographic record of a film occasionally 
was made on Kodagraph Contact Standard paper. 

For anion exchange chromatography Dowex 1 (4 per cent cross-linked, 
250 to 400 mesh, formate form) was employed. Reaction mixtures were 
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adjusted to pH 9.0 with ammonium hydroxide solution and applied to the 
column. 


Results 


Incorporation of C'4-Formate and Glycine-1-C* into Unidentified Fractions 
—Fig. 1 shows the incorporation of C'*-formate into the purine and non- 
purine fractions at different time intervals. The total C'*-formate in the 
non-purine fraction increased to a maximum at 40 minutes, while the total 
activity in the purine fraction increased during the 120 minute period, 
This suggested a precursor-product relationship. 
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Fig. 1. The rate of incorporation of C'4-formate into purine and non-purine frac- 
tions. The reaction system was similar to that described under Table I. 


In Table I the effect of bicarbonate and boiled extract on the incorpora- 
tion of C'4-formate into the purine and non-purine fractions is presented. 
When bicarbonate was omitted, the non-purine fraction decreased from 
0.22 to 0.14 umole, while the purine fraction decreased from 0.14 to 0.03 
umole. This resulted in a shift of the non-purine to purine ratio from a 
value of 1.6 to 4.7.. While in this experiment a fall in the non-purine frac- 
tion occurred when bicarbonate was omitted, in others an increase was ob- 
served. Omission of the boiled extract appeared to decrease purine syn- 
thesis and to have no significant effect on the non-purine fraction. It 
should be pointed out that the extract used in these experiments had not 
been treated with Dowex and had not been dialyzed. 

The rate of fixation of glycine-1-C™ was found to be proportional to time 
(Table II) for 90 minutes. After 30 minutes the total C'*-glycine fixation 
exceeded purine synthesis by a factor of 5.6. This indicated that C'-gly- 
cine as well as C'-formate (Table I) was incorporated into compounds 
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other than inosinic acid and hypoxanthine. In Table II' purine synthesis 
was measured by the incorporation of C“O, into carbon 6 (3). CO» was 
not significantly diluted by endogenous carbon in such experiments.” 


TABLE I 


C'-Formate Incorporated into Carbons 2 and 8 of Total Hypoxanthine 
Fractions and into Non-Purine Fraction 


ae Purine (C2 + C8) Non-purine (b) 
(a) (6) ” 

umole umole 
eee oP bee diee 0.14 0.22 1.6 
DFAS 6.6 05 Kae gen dG ; : 0.03 0.14 4.7 
Boiled extract........... patois it 0.09 0.20 2.2 


The reaction mixture contained 0.4 ml. of an extract of pigeon liver acetone pow - 
der, 1.0 umole of IMP, 5 umoles of ATP, 15 umoles of PGA, 7 umoles of KHCO;, 8 
zinoles of MgCl2, 16 wmoles of pt-homocysteine, 0.2 ml. of boiled extract of pigeon 
liver (3), and 5 umoles of C'4-formate in a final volume of 0.65 ml. 
incubated 40 minutes at 38° in air. 





The mixture was 


TaBLe II 
Total Glycine ‘‘Fixation” and De Novo Synthesis of Purine 


Time Glycine-1-C™ incorporation CO: incorporation into purine 
min. umoles umole 

15 0.22 

30 0.42 0 .075* 

60 1.10 

90 1.60 


The reaction mixture contained 0.5 ml. of acetone powder extract, 5 umoles o- 
glycine-1-C'4, 5 wmoles of sodium formate, 10 wmoles of glutamine, 50 umoles of 
KHCOs, 1.2 umoles of ATP, 14 wmoles of PGA, 5 umoles of MgCl., 5 umoles of pi- 
homocysteine, and 5.5 wmoles of KH2POQ, in a final volume of 1.3 ml. 
was incubated at 38° in air. 

* In this vessel 50 umoles of KHC™“O; and 10 umoles of non-radioactive glycine 
were used. The C" activity of carbon 6 of the purine fraction was determined (3). 


The mixture 


Radioautographic Observations on Accumulation of Glycinamide Ribotides 
—Fig. 2 is a radioautogram of a typical two-dimensional chromatogram. 
It demonstrates the occurrence of a number of compounds which are la- 


‘The abbreviations used are: ATP, adenosine triphosphate; IMP, inosine-5’- 
phosphate; AMP, adenosine-5’-phosphate; PGA, 3-phosphoglycerate; R5P, ribose-5- 
phosphate; CF, calcium leucovorin. 

? Goldthwait, D. A., unpublished data. 
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beled by glycine-1-C“. The area A denotes the location of glycinamide 
ribotide and formylglycinamide ribotide, B the position of glycine, and C 
the position of hypoxanthine. The identities of the less dense spots are 
not known. In a comparable experiment, C'-glycine was added to one 
vessel and C'-formate to another. Fig. 3 shows radioautograms of chro- 
matograms of the two reaction filtrates. Some of the compounds labeled 
by C-glycine and some labeled by C'-formate have similar chromato- 





Fic. 2. Incorporation of glycine-1-C™ into various compounds. Area A repre- 
sents nucleotides, B glycine-1-C™, and C hypoxanthine. The reaction mixture con- 
tained 0.5 ml. of acetone powder extract, 5 umoles of glycine-1-C™, 10 wmoles of so- 
dium formate, 50 wmoles of KHCOs;, 10 umoles of glutamine, 5.0 umoles of ATP, 10 
umoles of PGA, 8 umoles of MgCl., and 0.2 ml. of boiled extract of liver in a final 
volume of 1.1 ml. The mixture was incubated for 2 hours at 38° under No. Then 
0.25 ml. of 20 per cent trichloroacetic acid was added, and 0.1 ml. of the filtrate was 
placed on the lower left corner of the paper and chromatographed in the vertical di- 
rection with solvent System 1 and in the horizontal direction with solvent System 2. 


graphic behavior; compare the spots marked A. Fig. 4 provides evi- 
dence that the radioactive compounds in A of Figs. 2 and 3 were not com- 
pounds known to incorporate C'™-formate or glycine-1-C™. Fig. 4 is a 
reproduction of a chromatogram of a reaction filtrate to which methionine, 
cystathionine, glycine, serine, hypoxanthine, inosine, and inosinic acid were 
added as marker substances. When HC™“O;- was used as a tracer under 
the same conditions and the reaction filtrate was chromatographed, no ra- 
dioactivity was detected in the spot comparable to Fig. 2, A. 

A preliminary experiment was carried out to determine whether these 
compounds were purine precursors. A portion of the compounds in A la- 
beled with C'-glycine was found to be converted to inosinic acid in the 
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presence of a large pool of unlabeled glycine. More detailed experiments 
on the incorporation of glycinamide ribotide and formylglycinamide ribo- 
tide have been published (6). 

Isolation of Glycinamide Ribotide and Formylglycinamide Ribotide—Inor- 
ganic phosphate was separated from the ribotide fraction by chromatog- 
raphy of the reaction filtrates on thick paper (solvent System 3). An al- 
ternative procedure involved the removal of the trichloroacetic acid by 
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Fig. 3. The incorporation of glycine-1-C™ and C'-formate into comparable com- 
pounds. Area A represents glycinamide ribotides, and area B, serine and glycine. 
The reaction mixture contained 0.5 ml. of extract of acetone powder, 5 umoles of 
glycine or glycine-1-C™, 7.5 umoles of sodium formate or C-formate, 37 umoles of 
KHCOs, 10 umoles of glutamine, 2 umoles of ATP, 7 umoles of PGA, 8 umoles of MgCl., 
5umoles of pi-homocysteine, and 0.2 ml. of boiled extract in a final volume of 1.2 
ml. The mixture was incubated at 38° for 2 hours. 0.3 ml. of 20 per cent trichloro- 
acetic acid was added and 0.1 ml. of the reaction filtrate was placed on the lower 
left corner of the paper and chromatographed. Solvent System 2 (see ‘“Methods’’) 
was used for the vertical development and solvent System 3 for the horizontal. 


extraction with ether and the precipitation at pH 8.0 of inorganic phos- 
phate and some phosphate esters by addition of barium hydroxide solution. 
The glycine ribotides remained in the supernatant solution. In prelimi- 
nary large scale preparations of the glycinamide ribotides, glycine-1-C™ 
was incubated with undialyzed extract of acetone powder and with addi- 
tions as described under Fig. 5. The entire trichloroacetic acid filtrate 
was chromatographed on thick paper, and the radioactive compounds 
which migrated with AMP and IMP were eluted, made alkaline with am- 
monium hydroxide, and placed on a Dowex 1 formate column. Fig. 5 rep- 
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resents a typical elution pattern. With the large column employed in this 
experiment (2.0 sq. cm. X 32 em.), glycinamide ribotide (I) was eluted 
with 0.05 m ammonium formate, pH 5.2. Under these conditions, two 
radioactive bands appeared. However, with a small column (0.64 sq. 
cm. X 8 cm.) the compound was eluted with buffer of the same molarity 
at pH 6.5 and, in this case, did not separate into the two components, 
With the large column formylglycinamide ribotide (II) was eluted at pH 
5.0 and was separated into two components. 


saaalh 1 
ROO «RADIOACTIVITY 

Guy assorrtion 

AMINO ACIDS 


HY POXANTHINE 


i 
H INOSINE 
a eee \ cca 


@.. 


GLYCINE + SERINE 


] S ‘u 
\ 
RIBOTIDE 


\ 
U 





SOLVENT SYSTEM # 2 


WI LLLliidlile 











a CYSTATHIONINE 





FRONT 
SOLVENT SYSTEM # 3 


Fic. 4. Comparison of the paper chromatographic behavior of the aliphatic ribo- 
tides with other compounds. U represents unidentified compounds which reacted 
with ninhydrin. 


The quantity of glycinamide ribotide varied in different experiments 
from 6 to 42 per cent of the total aliphatic ribotides. The factors respon- 
sible for these variations in the crude extracts are not yet clear. The first 
component of glycinamide ribotide eluted from the column was consist- 
ently larger than the second, while the first component of the formylglycin- 
amide ribotide accounted for 29 to 49 per cent of its total. Elution of the 
Dowex 1 column at pH 9 (Fig. 5) yielded glycine and a compound which 
was readily decarboxylated with ninhydrin and which was not a precursor 
of the purine ring. 

Isomeric Nature of Two Components of Each Ribotide—The evidence that 
these components (Fig. 5) were isomers was as follows: By exposure to 
acid, it was demonstrated that each of the components of formylglycin- 
amide ribotide could be converted to a mixture of the two. Thus, when 
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the first component was exposed to 5 per cent trichloroacetic acid at 2° for 
24 hours and then rechromatographed, two components appeared. The 
elution pattern was similar to that in Fig. 5 except that the material in 
the first peak accounted for 68 per cent of the total. Under comparable 
acid conditions the second component yielded two peaks with 46 per cent 
y of the total material in the first. As a control the second component was 
allowed to stand at pH 7.0 at 2° for 48 hours. When this was passed 




















through the column, only a single component appeared. This chromato- 
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Fig. 5. Elution of glycinamide ribotide (1) and formylglycinamide ribotide (II) 
from a Dowex 1 column. The reaction mixture contained 12 gm. of a lyophilized 
extract of acetone powder, 1.0 mmole of glycine-1-C™ (3 X 10® c.p.m.), 2.0 mmoles of 
ibo- sodium formate, 0.4 mmole of IMP, 2.0 mmoles of glutamine, 0.5 mmole of ATP, 2.8 
cted mmoles of PGA, 1.6 mmoles of MgCl:, 1.0 mmole of pLt-homocysteine, and 47 ml. of 
boiled extract in a final volume of 240 ml. The reaction mixture was incubated at 
38° for 1.5 hours under No». 


ents 





Don- graphic behavior following exposure to acid as well as the analytical data 
first on the two components of formylglycinamide ribotide (5, 6) suggested that 
sist- isomers existed. Analyses of the two purified components of glycinamide 
-cin- ribotide (7) and of its formyl derivative (5, 6) lend further support to the 
F the suggestion that both ribotides can exist as isomers. There is no evidence 
ich that these isomers exist in nature. 
irsor Some Chromatographic Properties of Glycinamide Ribotides—The behavior 
of these compounds on Dowex 1 (formate form) is illustrated in Figs. 5 
that and 6. Formylglycinamide ribotide was not retained on a Dowex 50 (H+ 
re to form) column at pH 1.0. It was immediately eluted from a charcoal col- 
ycin- umn with 5 per cent aqueous ethanol. In most of the solvent systems 


when both of the aliphatic ribotides migrated on paper chromatograms with the 
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mononucleotides. Ry values with several solvents are presented in Table 
III. 

Cofactor Requirement for Formylation of Glycinamide Ribotide—It was 
considered that the formylation of glycinamide ribotide required a folic 
acid derivative, as had been demonstrated for the conversion of 5-amino- 
4-imidazolecarboxamide-5’-phosphoriboside to inosinic acid (9, 10). 

Fig. 6 illustrates the effect of the cofactor upon the synthesis of the ali- 
phatic ribotides. The natural formylation cofactor was removed by treat- 
ment of the enzyme with Dowex 1, followed by dialysis. A reduced folic 
acid derivative then was necessary for the incorporation of C'*-formate into 
an acid-hydrolyzable form. The reaction mixture in each of the experi- 
ments contained ribose-5-phosphate, ATP and an ATP-regenerating sys- 
tem, glutamine, MgCl., and the Dowex-treated and dialyzed enzyme. In 














TaBLeE III 
Rr Values for Glycinamide Ribotide and Formylglycinamide Ribotide 
Rr in solvent system* 
Compound 
4 5 6 7 

Glycinamide ribotide. ......................05. 0.64 0.57 0.50 0.50 
Formylglycinamide ribotide.................... 0.24 0.33 0.14 0.46 
RRS 2 SOO eS eee ee re 0.13 0.28 0.18 0.21 
I ec Pe iat a nisin. 57a elemamcmar ee OE 0.49 0.36 0.27 0.60 














* Solvent systems (see ‘‘Methods’’). 


Experiment 1 glycine-1-C'* was employed as a tracer. Experiment 2 dif- 
fered from Experiment 1 only by the addition of calcium leucovorin (DL 
mixture of CF) and of unlabeled sodium formate. In Experiment 3, C™- 
formate was employed as the tracer, and unlabeled glycine and CF were 
added. At the end of the incubation the mixtures were treated as de- 
scribed in the legend to Fig. 6 and passed through Dowex formate columns. 

Each of the columns was eluted with ammonium formate buffers as in 
Fig. 5. In Experiment 1 the glycinamide ribotide fraction accounted for 
all the fixed glycine. In Experiment 2, 8 per cent of the total glycine fixed 
appeared in a component eluted at pH 6.5. The remainder represented 
formylglycinamide ribotide. In Experiment 3 formylglycinamide ribotide 
accounted for 98 per cent of the acid-hydrolyzable C'*-formyl compounds. 
In order to compare the migration of each of the major components, they 
were rechromatographed on new Dowex 1 columns (formate form, 0.64 sq. 
em. X 8.0 cm.). Fig. 6 shows the elution patterns and demonstrates 
clearly that, in the absence of the folic acid derivative and formate, glycin- 
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Fig. 6. Effect of citrovorum factor and formate on the synthesis of glycinamide 
tibotide and formylglycinamide ribotide. The reaction mixtures were prepared by 
the addition of 200 mg. of lyophilized Dowex-treated and dialyzed extract, 30 umoles 
of ATP, 64 umoles of MgCl», 50 umoles of sodium phosphocreatine, 0.5 ml. of a dialyzed 
1:2 water extract of rabbit muscle (creatine kinase), 50 umoles of glutamine, 25 
umoles of R5P, 25 umoles of C'*-formate (47,300 c.p.m. per zmole) or unlabeled formate, 
50 umoles of glycine-1-C™* (19,000 c.p.m. per wmole) or unlabeled glycine, and 2 
mg. of calcium leucovorin in a final volume of 6.7 ml. Three vessels were prepared 
identically except in the additions of glycine, formate, and calcium leucovorin indi- 
cated. The vessels were incubated 40 minutes at 38° in air. The radioactive prod- 
ucts in the trichloroacetic acid filtrates were separated on three identical Dowex 1 
columns (formate form 0.64 sq. em. X 24 cm.) as described in the text. The major 
component from each column was rechromatographed on a second Dowex 1 column 
(formate form, 0.64 sq. em. X 8.0 cm.) as shown in Fig. 6. 


wed 
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amide ribotide accumulated, while in its presence formylglycinamide ribo- 
tide, labeled either with C'*-glycine or C'-formate, was formed. 


DISCUSSION 


Studies of the synthesis of glycinamide and formylglycinamide ribotide 
have been facilitated by relatively rapid analytical methods. These have 
employed the incorporation of glycine-1-C™ into forms which did not lose 
their radioactivity by reaction with ninhydrin and the incorporation of 
C"*-formate into an acid-hydrolyzable derivative. While it is evident that 
these methods lack specificity, their validity in these experiments has been 
tested by a comparison with the reaction products isolated by ion exchange 
chromatography. In the absence of a folic acid derivative, all of the radio- 
activity derived from glycine-1-C™ and not lost by reaction with ninhydrin 
was found in the glycinamide ribotide fraction. In the presence of the 
folic acid derivative, 92 per cent of the fixed glycine-1-C™ was present as 
formylglycinamide ribotide, while the remaining 8 per cent appeared to be 
in glycinamide ribotide. Under these conditions, there was no evidence 
for the synthesis of a peptide such as glutathione which would contain gly- 
cine in a form not affected by ninhydrin. The formylglycinamide ribotide 
isolated by column chromatography accounted for 98 per cent of the acid- 
hydrolyzable radioactivity derived from C'-formate. With the Dowex- 
treated and dialyzed extract, the total formate fixation was occasionally 
as much as 15 per cent higher than formate fixation into acid-hydrolyzable 
forms. This was found mainly in inosinic acid. Incorporation into serine 
was negligible in most instances. An exception to this appears in Fig. 3, 
in which area B coincides with the migration of serine. However, in 
these experiments untreated extract was used. No methionine synthesis 
was detected in the incubation mixtures under the described conditions, 
and the C*-formate incorporated into folic acid derivatives was negligible 
with the catalytic amounts employed. 

The behavior of these ribotides on an anion exchange column is a reflec- 
tion of their net charge. Glycinamide ribotide and formylglycinamide 
ribotide were eluted from the Dowex 1 column with 0.05 m ammonium 
formate at pH 6.5 and 5.0, respectively. Unlike nucleotides, these com- 
pounds can be eluted while they still possess 1 negative charge. This be- 
havior may be due to their aliphatic nature. Ribose-5-phosphate was 
eluted at pH 5.0 with the formylglycinamide ribotide. 

The natural folic acid derivative involved in the formylation of glycin- 
amide ribotide has not been identified. In these experiments the reduced 
folic acid compound employed represents a model system. The mecha- 
nism of formylation is most likely comparable to that involved in the intro- 
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0- duction of formate into 5-amino-4-imidazolecarboxamide ribotide to form 
inosinic acid (10). 

Recently Hartman, Levenberg, and Buchanan (11) have reported the 
accumulation of glycinamide ribotide and the formy] derivative in pigeon 


ide liver extracts in the presence of azaserine. 

We 
a SUMMARY 

of Glycinamide ribotide and formylglycinamide ribotide, which are precur- 
hat sors of inosinic acid, were formed by an extract of pigeon liver. The pre- 
een liminary isolation of these ribotides by paper and ion exchange chromatog- 
nge raphy and the methods of determining these compounds in reaction filtrates 


lio- have been described. The specificity of the analytical methods was veri- 


jrin fied by chromatographic isolation of the ribotides. In the presence of a 


the folic acid derivative and formate, formylglycinamide ribotide was shown 
t as to accumulate, while in its absence glycinamide ribotide was synthesized. 
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ON THE MECHANISM OF SYNTHESIS OF GLYCINAMIDE 
RIBOTIDE AND ITS FORMYL DERIVATIVE* 


By DAVID A. GOLDTHWAIT, RICHARD A. PEABODY,} anp 
G. ROBERT GREENBERG 


(From the Department of Biochemistry, Western Reserve University 
School of Medicine, Cleveland, Ohio) 


(Received for publication, October 12, 1955) 


The occurrence and isolation of N-glycyl-5-phosphoribofuranosylamine 
(glycinamide ribotide) and its formyl derivative have been reported (1). 
This paper describes some studies on the mechanism of biosynthesis of 
these compounds (2). 


Materials 


5-Phosphoribosylpyrophosphate! was synthesized enzymatically and iso- 
lated by a slight modification of the procedure of Kornberg et al. (3, 4). 
PRPP used in preliminary experiments was generously supplied by Dr. A. 
Kornberg.? Glycinamide was kindly provided by Dr. J. P. Greenstein. 
N-Formylglycine was synthesized by the method of Fischer and Warburg 
(5). Tetrahydrofolic acid was prepared according to O’Dell et al. (6) as 
modified by Jaenicke and Greenberg. 3 mg. of FAH, (free acid) were 
| dissolved in 1 ml. of 0.05 m KHCO; containing 0.2 per cent ethylenediamine- 
tetraacetate under a layer of petroleum ether and kept at 0°. The solution 
was prepared for each assay. 


Methods 


Assay Methods—The determination of glycinamide ribotide and formyl- 
glycinamide ribotide has been described in the previous paper (1). PRPP 


* This work has been supported by grants from Eli Lilly and Company, the Elisa- 
beth Severance Prentiss Foundation, and the National Institutes of Health, United 
States Public Health Service, grant No. 8-3840. 

t DuPont Predoctoral Fellow, 1954-55. A portion of this work is included in the 
thesis submitted by Richard A. Peabody to the Graduate School of Western Reserve 
University in September, 1955, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Biochemistry. 

1 Abbreviations: PRPP, 5-phosphoribosylpyrophosphate; R5P, ribose-5-phos- 
phate; ATP, adenosine triphosphate; IMP, inosine-5’-phosphate; FAH,, tetrahydro- 
folic acid; CF, citrovorum factor, or calcium leucovorin (pL); PGA, 3-phosphoglyceric 
acid; Tris, tris(hydroxymethyl)aminomethane. 

? The authors are also indebted to Dr. A. Kornberg and his associates for making 
available the procedures for the preparation of this compound. 

* Jaenicke, L., and Greenberg, G. R., unpublished method. 
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was assayed at the end of the incubation by the spectrophotometric method 
of Lieberman et al. (7, 8). To precipitate the protein prior to the assay 
for PRPP, 0.05 ml. of 2 N HClO, was added to 0.6 ml. of the reaction mix- 
ture, and this was neutralized immediately with 0.05 ml. of 2 n KHCO,, 
The resulting precipitate was centrifuged and an aliquot of the supernatant 
fluid taken for analysis as rapidly as possible. Because of the instability 
of PRPP in acid, all the solutions were maintained at 0°. 

Enzyme Preparations—The Dowex-treated and dialyzed extract used 
for studies of the synthesis of formylglycinamide ribotide and glycinamide 
ribotide has been described (1). 

The pigeon liver extract was fractionated by the following procedure, 
2 gm. of acetone powder (9) were extracted at 0° for 30 minutes with 20 
ml. of 0.02 m Tris buffer at pH 8.0. The mixture was centrifuged at 5000 x 
g for 30 minutes, and the supernatant solution (15 ml.) decanted into 22.5 
ml. of water. 7.5 ml. of 1.0 m potassium acetate buffer at pH 5.5 (meas- 
ured at 1 to 10 dilution) were added slowly and the precipitate was sepa- 
rated by centrifugation. This fraction (acid precipitate) was washed with 
10 ml. of 0.16 m potassium acetate buffer, pH 5.5, dissolved in 3.0 ml. of 
0.1 m Tris buffer at pH 8.0, diluted to 15 ml. with water, and lyophilized 
(yield, 121 mg.). The dry powder was stable at — 13° for at least 6 months. 

To the supernatant solution of the acid fraction (acid supernatant frac- 
tion) approximately 0.8 ml. of 1.0 N acetic acid was added to lower the pH 
to 5.0. A slight precipitate was removed by centrifugation and the super- 
natant solution was dialyzed against 2000 ml. of 0.05 m K,HPO, for 3 
hours with one change of the dialysis solution. All of the above steps were 
performed at 2°. After dialysis the supernatant solution was lyophilized 
(yield, 791 mg.). 


Results 


Requirements for Synthesis of Formylglycinamide Ribotide—To demon- 
strate the cofactor requirements for this synthesis, it was necessary to 
treat the pigeon liver extract with Dowex 1 to remove the natural cofactors 
(10). The addition of boiled extract caused a 2.4-fold stimulation of 
formylglycinamide ribotide synthesis; citrovorum factor stimulated the 
synthesis 3.6-fold (Table I). These results indicated that a folic acid de 
rivative was required for synthesis of the formylglycinamide ribotide. Ho- 
mocysteine was included in those experiments, but in subsequent studies 
it was not required and in some instances was slightly inhibitory. 

Table II presents evidence that either tetrahydrofolic acid or citrovorum 
factor was required for maximal synthesis. Ribose-5-phosphate, gluta- 
mine, and glycine were also necessary. In other experiments the synthesis 


4 Molarity represents the total of acetate and acetic acid. 
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of formylglycinamide ribotide was found to be dependent on the presence 
of ATP. 


TABLE I 


Stimulation of Formylglycinamide Ribotide Synthesis by Boiled 
Extract or Citrovorum Factor 





Addition of cofactor Formylglycinamide ribotide 





pmole 
RN eae. see a rly canteen ares i Suu neetEeen 0.018 
NE IN 2 stacey Sigs wid als co's es le ise Bepns @4°R% ore Bal 0.043 
ce Marts oy Aaa gs Taw ee aes Oe 0.065 








During a 10 minute preincubation at 38° the reaction mixture contained 20 mg. of 
Dowex-treated extract, 4 umoles of pLt-homocysteine, 6 umoles of MgCle, 1.5 umoles 
of ATP, 9 umoles of PGA, 25 umoles of KzHPQ,, 0.5 mg. of muscle extract (11), and 
0.1 ml. of boiled extract or 0.2 mg. of CF. The mixture was chilled, and the following 
substrates were added: 5 wmoles of C'*-formate with a specific activity of 20,000 
c.p.m. per umole, 5 zmoles of glutamine, 5 umoles of glycine, 2 umoles of R5P, and 


2 umoles of IMP; the final volume was 0.75 ml. The mixtures then were incubated 
for 30 minutes at 38° in air. 








TaBLe II 
Substrate and Cofactor Requirements for Synthesis of Formylglycinamide Ribotide 
Additions Experiment 1 Experiment 2 

BU saute oneicaeaen ses «green tae SF at oe 5 EO ee ae oe 
SEP Err perre err rere - + - + oa + + 
RC ie ae ae ee + oo + + _ + + 
EC RPO SARS EL ee os a + + + - +4 
NH os six ice ndaa een vis teaabvina + + + + + + - 
Formylglycinamide ribotide, umole. .| 0.35 | 0.37 | 0.02 | 0.49 | 0.12 | 0.08 | 0.04 


























The reaction mixture contained 20 mg. of Dowex-treated, dialyzed extract, 2.5 
umoles of R5P, 5 umoles of glutamine, 5 wmoles of glycine, 6.4 wmoles of MgCle, 2.5 
umoles of C4-formate, 0.2 mg. of CF or FAH,, 1.5 umoles of ATP, 5 umoles of sodium 
phosphocreatine, and 0.05 ml. of creatine phosphokinase (aqueous rabbit muscle 
extract, 1:2, dialyzed 6 days versus water) (P. Berg, personal communication). The 
final volume was 0.67 ml. The mixtures were incubated for 20 minutes at 38° in air. 


The accumulation of formylglycinamide ribotide at different time inter- 
vals is indicated in Fig. 1. The rate of synthesis was linear for the first 30 
minutes. 

Requirements for Synthesis of Glycinamide Ribotide—Glycinamide ribo- 
tide accumulated when the folic acid cofactor and formate were omitted 


(1). 
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Table III shows that the synthesis of glycinamide ribotide from glycine- 
1-C" required ribose-5-phosphate, glutamine, and ATP. 


08 / 


06 


MAMOLES 


O4- 





o VL ! 1 
ie) 60 120 180 


MINUTES 


Fic. 1. Rate of accumulation of formylglycinamide ribotide. Additions to the 
reaction mixture were similar to those indicated in Table II, but with 1.25 umoles of 
R5P and 10 uwmoles of phosphocreatine. 














TABLE III 
Requirements for Synthesis of Glycinamide Ribotide 
Glycinamide ribotide 
Omissions 
Experiment 1 Experiment 2 
umole pmole 
Re alt NY bss o cacare boned oo 0.25 0.15 
ae od. Bete use tga Xd Mica kw Ba 20s da 0.00 0.01 
eee er Peer ee ret 0.01 0.02 
ee oe he ee aC pa ias dake 0.02 











Additions to the reaction mixture were similar to those in Table II, but with the 
omission of formate and the folic acid derivative. The mixture was incubated for 
30 minutes at 38° in air. 

* Includes regenerating system of creatine phosphokinase (muscle extract) and 


phosphocreatine. 


In Fig. 2 is seen the accumulation of glycinamide ribotide as a function 
of time. A reproducible and unexplained decrease in glycine-1-C" incor- 
poration occurred after 40 minutes. Maximal synthesis of glycinamide 
ribotide occurred between pH 7.0 and 8.0. 

Since the incorporation of glycine-1-C“ was a measure of the synthesis 
of both the glycinamide ribotide and the formylglycinamide ribotide, the 
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ne- rate-limiting reaction could be studied by a determination of the quantity 
of glycine-1-C™ incorporated in the presence and absence of the folic acid 
cofactor. Table IV presents the results of such an experiment. The same 
quantity of glycine-1-C' was fixed regardless of the presence or absence of 





l ! 1 1 j 
20 40 60 80 100 
MINUTES 


b Fie. 2. Rate of accumulation of glycinamide ribotide. The additions were the 
oo same as in Table II, except that formate and the cofactor were omitted. 





es of 


TABLE IV 
Lack of Dependence of Glycine Incorporation on Citrovorum Factor and Formate 





— Special additions Glycine-1-C™ incorporated 





— umole 
SS ER AA HOE, Soa 0.31 
RN a ETE, Teer RAE PRI ee SE Ie YE Pn Ee Te 0.31 


een a Mt eee lsc aa gatdray 4 vue oo MG earn 0.27 
FE) Bene ee Se ee ST SPO eLearn pO 0.30 








The reaction mixture contained 2.5 wmoles of R5P, 10 umoles of glutamine, 5 
umoles of glycine-1-C", 1.2 umoles of ATP, 14 wmoles of PGA, 5.0 umoles of MgCl., 
0.06 mg.'of muscle enzyme (11), 20 mg. of Dowex-treated extract, 5 umoles of formate, 
and 0.2 mg. of CF in a final volume of 0.60 ml. The reaction mixture was incubated 
for 30 minutes at 38° in air. 





th the 
ed for 


» the cofactor. Without the cofactor, no C'-formate was fixed. This sug- 


gested that a reaction in the synthesis of the glycinamide ribotide was rate- 
action limiting and that the addition of the cofactor and formate shifted a large 
incor- | percentage of the fixed glycine from glycinamide ribotide to formylglycin- 
amide {| amide ribotide. Support for this concept is derived from experiments in 
which the products were isolated on ion exchange columns (1). 

thesis Requirement for 5-Phosphoribosylpyrophosphate—The enzyme which syn- 
le, the thesizes PRPP (3, 4) from ribose-5-phosphate and ATP had been shown 
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to be present in an extract of acetone powder of pigeon liver in the protein 
fraction precipitated at pH 5.5 (4) (acid precipitate). The results of Ex- 
periments 1 and 2 in Table V demonstrate that the synthesis of glycin- 
amide ribotide from ribose-5-phosphate required both the acid precipitate 
and the acid supernatant fraction. The requirement for ATP in these 
reactions was demonstrated in Table III. Experiments 2 and 3 of Table 
V show that the acid precipitate fraction was required only for the syn- 
thesis of PRPP from ribose-5-phosphate and ATP. In Experiment 2, 


TABLE V 
Requirement for PRPP and ATP in Synthesis of Glycinamide Ribotide : 





Glycinamide ribotide formed 
Acid 
supernatant 





Additions Acid ppt. 


| 
Experiment 1|Experiment 2) Experiment 3 





pmoles pmole umole 
0.09 0.09 
0.07 
1.20 0.50 
0.03 0.19 
0.30 0.90 
_ 0.03 


at —- fantanes S 


R5P + ATP 
“ce a ce 
“ce a “ce 
PRPP 
« + ATP 
* 


ee I 
wu; 





++++14 

















All of the reaction mixtures contained 10 wmoles of glutamine, 5 umoles of MgCl, 
20 wmoles of Tris buffer, pH 8.0, and 5 umoles of glycine-1-C'*. The additions indi- 
cated were 2.5 umoles of R5P in Experiment 1 and 5 umoles of R5P in Experiment 2, 
1.2 umoles of ATP with a regenerating system of 14 wmoles of PGA and 0.6 mg. of 
muscle extract (11), 1.1 uzmoles of PRPP, 20 mg. of the lyophilized acid supernatant 
fraction, and 1.2 mg. of the acid precipitate fraction. The final volume in Experi- N 
ment 1 was 0.85 ml. and 1.1 ml. in Experiments 2 and3. The reaction mixture was G 
incubated for 30 minutes at 38° in air. 

* PRPP was preincubated for 10 minutes at 38° with 0.1 ml. of apyrase (12) to 
destroy ATP. This enzyme does not hydrolyze PRPP. The indicated additions 
then were made prior to the 30 minute incubation. 


PRPP substituted for this fraction and ribose-5-phosphate, but ATP was [| w: 
still required. In Experiment 3 similar results were obtained with a differ- 
ent enzyme preparation. In this experiment PRPP was preincubated 
with apyrase (12) to remove a small amount of ATP which contaminated 
the preparation. The apyrase preparation did not degrade the PRPP. 
Reaction of PRPP with Glutamine—PRPP was found to react with gluta- 
mine and not with glycine (Table VI) in the presence of the acid super- | th 
natant enzyme. The high blank may be due to incomplete removal of f Su 
glutamine from the enzyme preparation because of the short dialysis pe- f an 
riod. While in these experiments ATP was added, Table VII shows that | _ tic 
the reaction of PRPP with glutamine did not require ATP. sy 
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Evidence against the participation of glycinamide in this synthesis was 
obtained by the finding that a pool of unlabeled glycinamide did not alter 
the incorporation of glycine-1-C™ into glycinamide ribotide. By a similar 
type of experiment, formylglycine has been shown not to be an intermediate 
in the synthesis of formylglycinamide ribotide. 











TaBLe VI 
Reaction of PRPP with Glutamine 
Amino acid additions PRPP utilized 
‘ . ee pmole " 3 
Ne Shh ean ocak ad 5 osnsat eee ee eres 0.06 
EO TEE ETC LER Se eee 0.11 
ERI Sn rn Sree te ea re ee Eo Ae ae 0.06 
eS > MEIN 555 cose nad sos oan cee dbase eees.s 0.11 








The reaction mixture contained 0.26 umole of PRPP, 1.2 umoles of ATP, 14 umoles 
of PGA, 1.2 mg. of muscle enzyme (11), 5.0 umoles of MgCl2, 20 umoles of Tris buffer, 
pH 8.0, 10 mg. of lyophilized acid supernatant fraction, 5 umoles of glutamine, and 
2.5 ymoles of glycine in a final volume of 0.6 ml. The mixture was incubated for 
15 minutes at 38° in air. 








TaBLe VII 
Reaction of PRPP with Glutamine 
Additions PRPP utilized 
umole 
DUN eerie ie oe a oi See a ee GL. 08 0.02 
i aD ll ps5 Feat le, na a eaten ar alo a 0.17 
< i IE isk 5a a sts hnns ne eae Men 0.17 








The reaction mixture contained 0.43 wymole of PRPP, 5.0 umoles of MgCle, 20 
umoles of Tris buffer, pH 8.0, 10 mg. of lyophilized supernatant fraction, 5 umoles of 
glutamine, and 1.0 umole of ATP. The final volume was 0.5 ml., and the mixture 
was incubated for 20 minutes at 38°. 


* When ATP was added, 7 wmoles of PGA and 1.2 mg. of the muscle enzyme (11) 
were also included as an ATP-regenerating system. 


DISCUSSION 


In recent years it has been suggested that intermediate compounds in 
the synthesis of the purine ring are ribose phosphate derivatives (13-15). 
Such compounds as 5-amino-4-imidazolecarboxamide ribotide (10, 16, 17) 
and a compound having the properties of 5-aminoimidazole riboside or ribo- 
tide (18, 19) have been isolated and shown to be intermediates in the 
synthesis of purine nucleotide derivatives. The occurrence of two new ali- 
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phatic precursors, glycinamide ribotide and its formyl derivative, strength- 
ens the concept that ribotide compounds are intermediates in the syn- 
thesis of inosine-5’-phosphate. In the present study evidence is presented 
that even the initial steps in the biosynthetic scheme involve ribose-5- 
phosphate derivatives. Kornberg, Lieberman, and Simms have shown 
a reaction between ribose-5-phosphate and ATP to yield 5-phosphoribosyl- 
pyrophosphate (3, 4). In experiments reported in this paper, the involve- 
ment of PRPP in the synthesis of glycinamide ribotide has been presented. 
In addition it has been demonstrated that ATP is required not only for 
the synthesis of PRPP, but also for a later step in the sequence of reactions. 
It has been found recently that ATP is required for the reaction of glycine 
with 5-phosphoribosylamine to form glycinamide ribotide (20). It should 
be pointed out that Hartman, Levenberg, and Buchanan (21) have shown 
independently the participation of PRPP, and the ATP requirement in the 
synthesis of glycinamide ribotide. 

Although several compounds such as glutamine, glycine, and ribose de- 
rivatives (13, 22, 23) have been known to stimulate the synthesis of hypo- 
xanthine, the exact sources of the carbon and nitrogen atoms of the purine 
ring were elucidated with isotopically labeled precursors (24-28). Sonne, 
Lin, and Buchanan (27) and Lagerkvist (28) have reported that N; and 
No of the purine ring are derived from the amide nitrogen of glutamine. 
It is reasonable to conclude that the amide nitrogen of glycinamide ribotide 
becomes Ng of the purine ring. 

It is clear from these studies that the formylation of glycinamide ribotide 
requires a folic acid derivative. The introduction of this carbon, which 
becomes position 8 in the purine (21), appears to occur by mechanisms 
which are analogous to those involved in the reaction of formate and 5-ami- 
no-4-imidazolecarboxamide ribotide to form inosine-5’-phosphate. Re- 
cently the conversion of formylglycinamide ribotide to 5-aminoimidazole 
ribotide and then to the 5-amino-4-imidazolecarboxamide ribotide has been 
reported (19). 


SUMMARY 


The mechanism of synthesis of glycinamide ribotide and formylglycin- 
amide ribotide in extracts of pigeon liver acetone powder has been studied. 
For synthesis of both ribotides, ribose-5-phosphate, ATP, glutamine, and 
glycine were required. In addition the synthesis of formylglycinamide 
ribotide required formate and a folic acid derivative. By fractionation of 
the enzyme system, 5-phosphoribosylpyrophosphate (PRPP) was shown to 
substitute for ribose-5-phosphate, but ATP was still required. A reaction 
between PRPP and glutamine has been demonstrated. 
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SOME BIOCHEMICAL CHANGES ACCOMPANYING 
PENICILLIN INHIBITION OF SARCINA LUTEA* 


By J. W. BROWN{ anp S. B. BINKLEY 


(From the Department of Biochemistry, College of Medicine, 
University of Illinois, Chicago, Illinois) 


(Received for publication, December 23, 1955) 


Penicillin has been reported to cause alterations in the bacterial metabo- 
lism of amino acids (1), peptides (2), nucleotides (3), and a unique series of 
molecules containing both nucleotides and peptides as well as hexosamine 
(4). Therefore, as a preliminary attempt to detect the earliest conse- 
quences of penicillin action, a time-related survey of changes in these types 
of cellular components was indicated. This report summarizes the re- 


sults of such a survey on a penicillin-sensitive, rough variant of Sarcina 
lutea. 


EXPERIMENTAL 


Cell Growth and Harvest—Stock cultures of a rough variant of Sarcina 
lutea (ATCC 9341) described previously (5) were transferred twice weekly 
on Difco AC agar slants and incubated at room temperature. Inhibition 
studies were made on cells grown in synthetic broth of the following compo- 
sition (per liter and adjusted to pH 7.0): casamino acids (Difco) 8.0 gm., 
dextrose 5.0 gm., potassium acetate 3.0 gm., ammonium sulfate 5.0 gm., 
guanine 5.0 mg., niacin 200.0 7, thiamine 200.0 y, Salt Solutions A and B 
(6) 2.5 ml. each, Tween 80 (Atlas Powder Company) 0.1 ml. The broth 
was sterilized by autoclaving in 2 liter diphtheria toxin bottles. Cells 
from a 24 to 48 hour slant were transferred by an inoculating loop to a 
bottle containing 0.5 to 1.0 liter of sterile broth, which was incubated at 
25° for 24 hours on a reciprocal shaker operating at 180 strokes per minute. 
By sterile technique 0.25 liter of this broth inoculum was added to each of 
two or three bottles containing 0.75 liter of sterile medium, and these cul- 
tures were then incubated with shaking. Throughout the test period, 
growth was determined turbidimetrically on aliquots from each bottle. 
Optical density readings were made at 540 my in calibrated 15 K 125 mm. 
rimless tubes on a Coleman junior spectrophotometer. After the turbidi- 

* This investigation was supported in part by the Atomic Energy Commission 
(contract No. AT (11-1)-67). 

Tt Material in this paper was taken from a dissertation submitted in partial ful- 


filment of the requirements for the degree of Doctor of Philosophy in the Graduate 
College at the Chicago Professional Colleges of the University of Illinois. 
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ties had reached 0.35 to 0.40 optical density unit (2 to 3 hours following 
inoculation), 1 ml. or less of a concentrated solution of potassium penicillin 
G (Bristol Laboratories, Inc.) was added to one of the bottles, so that the 
concentration of the antibiotic in this culture was 1 unit per ml. 

In initial survey experiments, three test bottles were used: one was re- 
moved from the shaker at the same time that penicillin was added to a 
second bottle; the third bottle served as a control over the 3 hour period 
of exposure to the antibiotic. Cells from the total contents of the three 
bottles were harvested by centrifugation at about 1000 X g for 20 minutes 
on an International centrifuge. 

For time study experiments, only two bottles were used: one to which 
penicillin was added and one which served as a control. By use of a volu- 
metric pipette, 50 ml. aliquots were withdrawn from each bottle at various 
intervals, turbidities read, and cells harvested by centrifugation on a Serv- 
all low speed centrifuge at about 3000 X g. 

In either case, cells were washed once with 20 ml. of distilled water, cen- 
trifuged on the Servall centrifuge at 3000 X g, and transferred quantita- 
tively to small VirTis flasks for lyophilization. The dried cells were care- 
fully recovered from the flasks and weighed. 

Extraction of Acid-Soluble Components—The weighed cells (not exceeding 
100 mg.) were extracted twice with 10 ml. of 5 per cent trichloroacetic acid 
(TCA) at 5° on a wrist action shaker for a total period of 6 hours. Cell 
residues were removed by centrifugation on the Servall centrifuge at 3000 
X g and TCA was removed from the supernatant fluids by extraction with 
ether. 

Hydrolysis of Cell Residues—The residue from TCA extraction of 10 mg. 
of dry cells was hydrolyzed with 4 ml. of 6 N HCl for 24 hours. 

Methods of Analysis—Absorption at 260 my was read on a Beckman 
model DU spectrophotometer. Total nitrogen on cell residues was de- 
termined by the micro-Kjeldahl method. Amino nitrogen was estimated 
by using the naphthoquinone sulfonate reagent of Russell (7). Peptide 
nitrogen in the TCA extracts was calculated from amino nitrogen differ- 
ence before and after hydrolysis with 6 N H.SO, for 18 hours. Aliquots of 
cell residue hydrolysates were evaporated to dryness in vacuo prior to amino 
nitrogen analysis. Hexosamine was determined by the Boas modification 
(8) of the Elson and Morgan procedure. The method of Fiske and Sub- 
barow (9) was used for phosphate analysis. Hydrolysis for 12 minutes in 
1 N HCl at 92° was used in the determination of “pyro” phosphate. Pro- 
line was estimated by using the ninhydrin reagent of Schweet (10). It 
was found advantageous to evaporate the sample to dryness in vacuo be- 
fore addition of this reagent. 

Paper Chromatography—The two-dimensional system reported by Red- 


XUM 





fi 


ing 
llin 
the 


re- 
oa 
riod 
1ree 
ites 


nich 
olu- 
ious 
erv- 


cen- 
tita- 
-are- 


ding 
acid 
Cell 
3000 
with 


) mg. 


cman 
s de- 
nated 
ptide 
liffer- 
ots of 
ymino 
ration 
-Sub- 
tes in 

Pro- 
). It 


uo be- 


Red- 





XUM 


J. W. BROWN AND S. B. BINKLEY 581 


field (11) was used. TCA extracts were concentrated about 20-fold and 
0.01 ml. was applied to the corner of each paper. 


TABLE I 


Variation in Turbidity, Cell Weight, and Nitrogen Content of Control (A) and 
Penicillin-Treated (B) Cultures of S. lutea with Time 





Initial $ hr. 1 hr. 2 hrs. 4 hrs. 





A B A B A B A B A B 





Turbidity, optical density 
X 100 at 540 mp........ 32 (382 |38 (87 /42 (88 |51 {438 156 [43 

Weight, mg. dry cells per 
50 ml. aliquot of culture..|28 |30 (|85 (85 |42 |39 (54 (44 [64 /|48 

Turbidity 

eee eee eee 1.14) 1.07| 1.08) 1.06} 1.00) 0.98) 0.94) 0.98) 0.88] 0.90 

Weight 

Nitrogen content of TCA- 
extracted residue, mg. 


per 10 mg. dry cells. .... 0.78) 0.78) 0.77) 0.77) 0.73) 0.81) 0.75) 0.77) 0.79) 0.80 



































TaBLeE II 
Survey of Effect of Penicillin on Acid-Soluble Components of S. lutea 
The figures are in micrograms per 10 mg. of dry cells. 

















Penicillin-treated, 1 i.u. 
Control lon 0. D. per ml. (3 brs. 0.432 | Compt eed 
| 
Phosphate | 
Inorganic.......... 36 34 35 
eter 12 11 11 
errs 65 64 69 
Nitrogen | 
Free amino. ........ 70 54 | 84 
Peptaagey............ 13 15 | 15 
Hexosamine......... | 8 ll 10 
eee Rr! 116 104 157 





* Absorption at 260 mu; O. D. = optical density. Each ml. of extract contains 
the TCA-extractable material in 1 mg. of dry cells. 


7 From amino nitrogen difference before and after hydrolysis with 6 n H.SO, 
for 18 hours. 
Results 


Effect of Penicillin on Culture Turbidity, Cell Weight, and Nitrogen Con- 
tent—Table I summarizes the data for intervals within a 4 hour period. 
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From a comparison of culture turbidities at initial and final time of expo- 
sure to penicillin, a growth inhibition of about 55 per cent may be calcu- 
lated for the treated cells. Although the turbidity to weight ratio is not 
constant for all times, no difference was noted between treated and un- 
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| 2 3 4 I 2 3 4 
Time in hours Time in hours 
Fig. 1 Fig. 2 
Fia. 1. The effect of penicillin on absorption of TCA extracts of S. lutea at 260 


my. Each ml. of extract contains the acid-soluble material in 1 mg. dry weight of 
cells. 


Fig. 2. The effect of penicillin on free amino nitrogen and proline nitrogen of TCA 
extracts of S. lutea. All values are per mg. dry weight of cells. Tl 
e 
treated cultures in this respect. The nitrogen content of TCA-extracted { 
cell residues remained essentially constant relative to whole cell dry weight. 
Survey of Effect of Penicillin on Acid-Extractable Components—A quanti- sh 
tative comparison of various types of TCA-extractable cellular constituents at 
is provided in Table II. At the end of 3 hours, extracts of penicillin-treated di 
cells showed a slight increase in absorption at 260 mu compared to controls. in 
However, phosphate values remained constant. The total nitrogen con- to 
tent of treated cell extracts dropped considerably, owing in large measure 
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to a decrease in free amino nitrogen. Peptide and hexosamine values re- 
mained comparable to those of the controls. Paper chromatography of 
the extracts revealed that proline had almost completely disappeared while 
other amino acids had undergone only slight changes. 


$9 (034) 
Total amino N in TCA 
extract per mg. dry 
cell weight. 


Proline N in TCA 

4- extract per mg. dry 
cell weight. (Super- 
imposed on amino- 
N values). 












#gm. Nitrogen 





1/2 | 2 4 


Time in hours 
Fic. 3. Proline nitrogen and amino nitrogen lost from penicillin-treated cells. 


The numbers in parentheses give the ratio of proline nitrogen to total amino nitro- 
gen lost. 


Time-Related Effect of Penicillin on Certain Cellular Constituents—Fig. 1 
shows that TCA extracts of penicillin-treated cells lose material absorbing 
at 260 my less rapidly than control extracts. Although these values in 
different experiments are somewhat erratic, especially at the } and 1 hour 
intervals, no significant difference has ever been noted during early exposure 
to the antibiotic. 

Hydrolyzed cell residues from TCA extraction were analyzed for proline 
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and free amino nitrogen. At all times (0, $, 1, 2, and 4 hours) and in the 
presence or absence of penicillin, these values remained quite constant at 
2.4 y of proline nitrogen and at 43 to 46 y of amino nitrogen per mg. dry 
cell weight. Since the molar extinction coefficient of secondary amines 
(proline) is only one-half that of primary amines with the naphthoquinone 
sulfonate reagent, all total amino nitrogen values reported have been cor- 
rected by the addition of one-half of the proline nitrogen weight as de- 
termined with the ninhydrin reagent. 

By contrast to other constituents tested, TCA-extractable amino nitrogen 
dropped sharply in penicillin-treated cells (Fig. 2). Quantitative tests for 
proline indicated that this amino acid accounted for almost all of the amino 
nitrogen losses early in the period of exposure to the antibiotic. In Fig. 3 
the difference in acid-extractable amino nitrogen of control and treated 
cells is graphed at various times. Corresponding proline nitrogen values 
are superimposed. 34 hour after the addition of penicillin, proline is noted 
to make up about 95 per cent of the difference. After 4 hours this value 
has dropped to 34 per cent. In normal cell extracts, at all the times re- 
corded, proline accounts for 24 to 26 per cent of the total amino nitrogen. 
It appears that the ratio of proline to amino nitrogen lost from treated 
cells might be approaching this limit. 


DISCUSSION 


If cultures of the S. lutea variant are inoculated by drop suspension and 
incubated as described previously (5) but without shaking, growth is in- 
hibited about 50 per cent in 24 hours by 0.002 i.u. of penicillin per ml. It 
may appear, therefore, that the penicillin concentration used in the present 
experiments is exceptionally high for such a sensitive organism. Some ex- 
planation for this discrepancy may be obtained by a comparison of cell 
numbers present at the time of addition of penicillin in the two experiments, 
and it can be calculated that about 105 molecules of penicillin are present 
in the medium per cell in both cases. 

In experiments in which synthetic amino acids replaced the casein acid 
hydrolysate, omission of proline from the mixture has been found to pro- 
long the lag phase of cell growth by about 6 hours compared to cells grown 
in this medium plus proline (0.5 mg. per ml.). In view of this fact one 
might conclude that the penicillin sensitivity of the organism relates to this 
partial requirement for proline. If penicillin were assumed to act by block- 
ing the assimilation of proline, the addition of the antibiotic during periods 
of rapid multiplication of the bacteria would be expected to damage protein 
synthesis extensively before the cell could adapt to the de novo synthesis 
of the amino acid. A situation similar to the “growth imbalance’’ pro- 
posed by Cohen and Barner (12) might exist. However, cells adapted to 
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the lack of proline were found not only to grow at precisely the same rate 
as the unadapted controls but also to respond to penicillin added during 
the logarithmic phase to exactly the same rate and extent. 

In experiments similar to ours, Gale and Taylor (1) demonstrated a 
marked decrease in the acid-extractable glutamic acid of staphylococci 
when penicillin was added to cells in the logarithmic phase. Gale later 
noted (13) the same effect using the uncoupling reagent, dinitrophenol. 
The uptake of most of the other amino acids was inhibited only slightly by 
comparison to glutamate (14). However, dinitrophenol diminished pro- 
line assimilation by a factor of almost 2 compared to glutamate. This 
evidence suggests that these two amino acids are highly dependent on an 
energy-requiring “pump” for their assimilation. The mechanism of this 
pump remains obscure, but it is possible that the uridine pyrophosphate 
compounds which Park (4) found to accumulate in penicillin-treated staph- 
ylococci are involved. 

It seems unlikely that penicillin acts directly on a proline-specific enzyme 
system, although the similarity between the pyrollidine and thiazolidine 
rings makes competitive inhibition an inviting hypothesis. However, 
attempts to reverse penicillin with proline and a proline peptide (glycyl- 
proline) failed. Interpretation of the data obtained so far would affirm 
Gale’s hypothesis that penicillin acts on amino acid assimilation mecha- 
nisms. Proline, an amino acid most dependent on these mechanisms, ap- 
pears to be most drastically affected in this instance. 


SUMMARY 


Growth of aerated cultures of a rough variant of Sarcina lutea was in- 
hibited about 50 per cent when the cells were exposed to penicillin (1 i.u. 
per ml.) for 3 to4 hours. Analysis of the cells from aliquots of the culture 
taken at various time intervals revealed that a rapid drop in acid-extract- 
able amino nitrogen preceded all other alterations measured. Proline ac- 
counted for almost all of this loss within 30 minutes following addition of 
penicillin. By the end of the 4 hour period, alterations in other nitrogenous 
constituents were noted and proline made up only about 35 per cent of the 
acid-extractable amino nitrogen difference. 
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St. Louis, Missouri) 


(Received for publication, December 23, 1955) 


In a previous publication (1), data were reported concerning D-mannose 
and p-ribose isolated from Torula utilis yeast which had been grown on 
p-glucose-1-C™ as the sole source of carbon. It was found that water ex- 
traction of the lyophilized yeast yielded a mannan that was completely 
devoid of radioactivity. Further, the p-ribose obtained from the purine 
ribosides of the nucleic acid fraction showed a low specific radioactivity, 
suggesting that the major pathway for its production was via the oxidative 
decarboxylation and isomerization of p-gluconic acid 6-phosphate. 

The present report is concerned with the separation from the same yeast 
sample, by extraction with 6 per cent sodium hydroxide solution, of a sec- 
ond, radioactive mannan composed of polymerized p-mannose-1-C™. Fur- 
ther alkaline extraction, with 30 per cent potassium hydroxide solution, 


yielded a polysaccharide fraction containing both radioactive p-glucose and 
D-mannose. 


Methods 


Isolation of Mannan—The sample used in the present work was the res- 
idue of 7’. utilis yeast described previously (1), which had been extracted 
in the cold with ethanol-ether (3:1), water (pH 7), and 2.2 per cent sodium 
hydroxide solution. This residue (32.7 gm.) was treated with 200 ml. of 
6 per cent sodium hydroxide solution at 4° under continuous agitation for 
24 hours. The suspension was centrifuged at 10,000 r.p.m. in a Servall 
superspeed angle centrifuge to remove the insoluble residue. The latter 
was extracted immediately for “glycogen” as described in a later section. 
The brown supernatant liquor (150 ml.) was neutralized with 19 ml. of con- 
centrated hydrochloric acid, whereupon a buff-colored material precipi- 
tated. This was removed by centrifugation and an equal volume of 95 
per cent ethanol was added to the supernatant solution. The resulting 
white precipitate was washed with 95 per cent ethanol, then with ether, 
and dried in vacuo. The yield was 2.2 gm. of a fine white powder. The 
carbohydrate content of this material, by the Somogyi-Nelson method, was 
82.5 per cent calculated as glucose, corresponding to a polysaccharide con- 
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tent of 74.2 percent. The protein content, calculated from a total nitrogen < 
value of 3.8 per cent, was 23.8 per cent. _ 
Paper chromatography of an acid hydrolysate revealed the presence of whe 
both glucose and mannose, the latter being present in greatly preponderant “fn 
amount by visual estimation. hy 
Isolation of p-Mannose—A sample of the above polysaccharide-protein leo 
material (1.5 gm.) was hydrolyzed and treated with phenylhydrazine in ee 
the manner described previously (1) to yield 1.1 gm. of p-mannose phenyl- es 
hydrazone, m.p. 198-199°. Crystalline p-mannose was obtained readily _ 
by crystallization from ethanol after cleavage of the hydrazone (1) in a oe 
yield of 340 mg., m.p. 130°, {aJ?’ 14.2° (final in water). The sugar pro- ee 
duced a single spot, corresponding to and superimposable on that from ; 
known D-mannose, upon one-dimensional paper chromatography in water- _ 
saturated phenol and in water-saturated lutidine. te 
TaBLe I 

Specific Radioactivities of p-Mannose and Its Derivatives from Mannan 
Component Mg. per sq. cm. C.p.m. per umole * 
EP ON Ee ee 0.100 54 Nut 
phenylhydrazone.......... 0.100 50 »>-M 
TCT EET ETO 0.087 48 »-Gi 





Radioassay of p-Mannose and Derivatives—Carbon-1 of the D-mannose 
was isolated from the other carbons of the sugar structure through syn- | opti 
thesis of p-mannobenzimidazole (2), followed by oxidation and decarboxyla- } gly¢ 
tion to benzimidazole (3). The latter, as well as the p-mannose and D-man-] mar 
nose phenylhydrazone, was radioassayed as thin samples (about 0.1 mg.} Fur 
per sq. cm.) in a gas flow counter with an autoscaler attachment. Since} pific 


all the samples were mounted under nearly identical conditions, no correc- D- 
tions were made for self-absorption. Table I lists the specific radioactivi-§ fron 
ties and the thickness of the mounts for the samples from mannan. Rot! 


Isolation of “Glycogen’’—The insoluble residue from the 6 per cent sodium } sepa 
hydroxide extraction was suspended in 75 ml. of 30 per cent potassium hy-f 19.6 
droxide solution (weight per volume) and heated in a boiling water bath] osaz 
for 3 hours with occasional agitation. The suspension was then cooled trat; 
and filtered through glass wool under slight suction. The filtrate was di- T 
luted with water to a volume of 300 ml., and 360 ml. of 95 per cent ethanol} orig; 
were added (final ethanol concentration, 52 per cent). A dense, light col- 
ored precipitate in a brown solution resulted. After storage at 4° for 24 
hours, the precipitate was removed by centrifugation, resuspended in 100F = [¢ 
ml. of 30 per cent potassium hydroxide solution, and the precipitation with} ent ; 
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ethanol repeated. After washing with 52 per cent ethanol the colorless 
precipitate was extracted by stirring with 160 ml. of water and the insoluble 
residue was removed by centrifugation. Ethanol was added to the aqueous 
extract to a final alcoholic concentration of 52 per cent, followed by dilute 
hydrochloric acid to the Congo red end-point, and the precipitate was col- 
lected by centrifugation. This alcoholic hydrochloric acid precipitation 
was repeated four times. The sample then was precipitated twice from 
aqueous solution with four volumes of glacial acetic acid. Finally, the 
product was washed two times each with 52 per cent ethanol, with 95 per 
cent ethanol, with absolute ethanol, and with acetone. After drying in 
vacuo, the resulting “glycogen” was a fine white powder weighing 580 mg. 

Analysis of the “glycogen” by the Somogyi-Nelson method showed a 
carbohydrate content of 102 per cent calculated as glucose, or 92 per cent 
as polysaccharide. There was no detectable nitrogen in the product. The 








TaBLeE II 
Specific Radioactivities of Derivatives of p-Mannose and v-Glucose from 
“Glycogen’”’ 
Component Mg. per sq. cm. C.p.m. per umole 
Nutrient p-glucose.................... 0.106 75 
p-Mannose phenylhydrazone.......... 0.100 52 
p-Glucosazone from p-mannose......... 0.095 53 
“ a 0.101 51 











optical rotation, [a]; 40.4° in water, was lower than expected for normal 
glycogen, and paper chromatography of an acid hydrolysate revealed both 
mannose and glucose in approximately equal amounts by visual estimation. 
Furthermore, the relative concentrations of the two sugars were not sig- 
nificantiy altered during the above purification procedures. 

v-Glucose and p-Mannose from “Glycogen’””—p-Mannose was precipitated 
from an aliquot of the acid-hydrolyzed “glycogen” as the phenylhydrazone. 
Roth the p-glucose and p-mannose phenylhydrazones then were converted 
separately to p-glucosazone (4). There were obtained from the aliquot 
10.6 mg. of the osazone from p-glucose, m.p. 206—207°, and 9.0 mg. of the 
osazone from D-mannose, m.p. 205-206°, indicating nearly equal concen- 
trations of p-glucose and p-mannose in the “glycogen”’ fraction. 

The specific radioactivities of the osazones from each sugar and of the 
original D-glucose used in the yeast growth medium are shown in Table II. 


RESULTS AND DISCUSSION 


It is apparent from Table I that essentially all of the radioactivity pres- 
ent in the D-mannose of this mannan is located in carbon-1. It thus may 
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be concluded that the p-mannose was produced directly from p-glucose D-& 
without rearrangement of the carbon chain. This result is similar to that act 
obtained by Gilvarg (4) for a mannan from Saccharomyces cerevisiae yeast q 
grown on p-glucose-1-C™ in the presence of acetate. ma 

As was suggested in the previous publication (1), there are present in our hes 
T. utilis yeast preparation two D-mannose polysaccharides which were syn- frot 
thesized in different ways and which differ in their mode of retention in the glu 
yeast cell. 1 


From Table II it is noted that the p-glucose obtained from the yeast |‘ 
“glycogen” showed 51 c.p.m. per umole, whereas the original p-glucose | 2 
used in the yeast growth medium showed 75 c.p.m. per umole. This de- 
crease in specific radioactivity indicates the resynthesis of p-glucose of low, 
or no, radioactivity. Recombination of triose phosphate produced by the 
glycolytic pathway would not be expected to cause this reduction in radio- 2. 
activity, but rather to cause redistribution of the label with unchanged 3. H 
total isotope content. Thus, if the triose recombination process were of 
major importance, the relative amount of label in carbon-1 of the p-glu- 4. G 
cose and p-mannose to that elsewhere in the sugar chain should be signifi- 
cantly reduced. Since essentially all of the radioactivity in the p-man- 
nose is located in carbon-1, it is concluded that triose recombination does 
not occur to any important extent under the conditions employed. 

At least two explanations could account for the observed dilution of 
radioactivity. In the previous publication (1) evidence was advanced 
that the oxidative shunt pathway was involved in the production of the 
p-ribose of the yeast nucleic acid. The reversibility of this pathway, which 
has been demonstrated by Horecker and Smyrniotis (5), could result in 
p-glucose of lowered isotope content through dilution of carbon dioxide 
from carbon-1 with that from the non-radioactive carbons of the p-glucose- 
1-C'*, Moreover, the non-radioactive p-mannose utilized in forming the 
water-extractable mannan (1) may have been partially reconverted to p- 
glucose, thus diluting the radioactivity of the p-glucose pool. 

The observation that the p-mannose comprising the radioactive mannan 
and that from the “glycogen” fraction had the same radioactivity as the 
p-glucose from the latter suggests that D-mannose was produced by isomeri- 
zation and incorporated into the polysaccharide concurrently with p-glu- 
cose. 

The inability to lower the p-mannose content of the “glycogen” fraction 
by several reprecipitations with acid ethanol or acetic acid suggests the ex- 
istence of a glucomannan in this yeast preparation. 


SUMMARY 


In addition to the previously reported non-radioactive mannan, a second, 
radioactive mannan has been isolated from Torula utilis yeast grown on 
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p-glucose-1-C™ as the sole source of carbon. Fssentially all of the radio- 
activity in this second mannan is located in carbon-1 of the D-mannose. 

The p-mannose from this second mannan and the p-glucose and p-man- 
nose from the “glycogen” fraction possessed identical specific radioactivi- 
ties. It is suggested that the p-mannose was produced by isomerization 
from D-glucose and condensed into polysaccharide concurrently with p- 
glucose. 

The relative concentrations of D-mannose and p-glucose in the “glycogen” 


fraction were unchanged by several fractional precipitations. The presence 
of a glucomannan is suggested. 
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A BACTERIAL RIBOFLAVIN HYDROLASE* 


By TOMOMICHI YANAGITAf anno J. W. FOSTER 
(From the Department of Bacteriology, The University of Texas, Austin, Texas) 


(Received for publication, October 24, 1955) 


Riboflavin is known to be decomposed by specific bacteria. Foster (1, 2) 
showed that the ribityl portion of riboflavin was oxidized by living cells of 
Pseudomonas riboflavina, leaving the heterocyclic ring, 7 ,8-dimethylalloxa- 
zine (lumichrome), intact. Later, Hou (3) found that lumichrome accumu- 
lated as riboflavin disappeared in a culture of tubercle bacilli to which the 
vitamin had been added. The present paper deals with the demonstration 
and characteristics of a bacterial cell-free enzyme which hydrolyzes ribo- 
flavin to lumichrome and ribitol. The name riboflavin hydrolase is pro- 
posed for this new enzyme. 


Methods and Materials 


Isolation and Cultivation of Riboflavin-Decomposing Bacterium—The 
bacterium used in this experiment was freshly isolated as described earlier 
(1) from soils enriched with riboflavin. When the pure culture was 
streaked and incubated for a few days at 30° on a solid medium containing, 
per liter of distilled water, 500 mg. of MgSO,.-7H,O, 500 mg. of KH2PO,, 
2 gm. of yeast extract (Difco), 200 mg. of riboflavin, and 20 gm. of agar 
(Difco), it decolorized the medium in the proximity of the colonies. Also, 
characteristic bright yellow crystals of lumichrome accumulated in the 
colonies. 

The concentration of riboflavin in the medium was found to be one of the 
limiting factors in the formation of the riboflavin-decomposing enzymes in 
the cell. Cells harvested from a liquid medium containing less than 30 mg. 
of riboflavin per liter possessed no or only slight riboflavin hydrolase activ- 
ity. The presence of 1 per cent glucose in the above medium resulted in 
more abundant growth of the organism, but in negligible riboflavin-decom- 
posing activity. The best liquid medium for obtaining an active cell-free 
preparation was the yeast extract-salts medium mentioned above contain- 
ing 100 mg. of riboflavin per liter. Morphologically and culturally the 
bacterium is identical with P. riboflavina (1). 


* This work was supported in part by a grant-in-aid from the American Cancer 
Society upon recommendation of the Committee on Growth of the National Research 
Council, by the Division of Biology and Medicine of the Atomic Energy Commission, 
and by the Microbiology Branch of the Office of Naval Research. 
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stitute of Food Technology, Chiba University, Chiba, Japan. 
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Preparation of Cell-Free Enzymes—The bacteria were cultured with me- 


chanical shaking for 30 hours at 30° in 3 liter wide bottom flasks each con- St 
taining 1 liter of the liquid medium. The bacteria were harvested with a fi 
Sharples steam-driven centrifuge and washed several times with water to a 
remove a yellow mucoid substance which coated the cells. Cells thus ob- fu 


tained from 3 liters of medium were suspended in 22 ml. of 0.01 m Tris(tris 
(hydroxymethyl)aminomethane) buffer (pH 7.0), and one-half of this sus- ti 


pension was sonically vibrated for 1 hour at 4° in a Raytheon 10 ke. mag- ce 
netostrictor oscillator. The other half of the suspension was stored at 4° of 
for later comparison with the activity of the cell débris. The sonic extract cl 
was centrifuged at 880 X g in the cold. The clear supernatant fluid was Sp 
separated and the débris was washed twice with 0.01 m Tris buffer. The in 


débris was finally resuspended in 11 ml. of the same buffer. 

Analytical Methods—Riboflavin used throughout these experiments was 
purchased from the Matheson Company, Inc., and from Merck and Com- 
pany, Ine. The authentic lumichrome was that previously prepared micro- 
biologically (1); it was recrystallized from a pyridine-ethanol mixture (4). 
C.p. adonitol (synonym of ribitol)(Pfanstiehl) was used as authentic ribitol. 

The absorption spectrum of lumichrome was obtained with a Beckman Th 
model DU spectrophotometer. Riboflavin was determined quantitatively sol 
by means of a Pfaltz and Bauer fluorometer with filter Nos. 3384 and 3389 wa 
placed between the cuvette and the photocell. Within the concentration 
range employed (0.5 to 3.3 X 10-7 m) fluorescence was directly proportional 
to the amount of riboflavin. All fluorometric analyses were performed on 


samples containing 1 per cent acetic acid. A small correction was employed Pa 
to account for the fluorescence of lumichrome formed in the reaction mix- Su 
ture as riboflavin was decomposed. The fluorescence of lumichrome was - 
found to be 0.148 that of an equimolar concentration of riboflavin. Al- hit 


though an error of this magnitude is too small to have a significant effect ah 
on the results or their interpretation, the concentration of riboflavin, in 
the presence of lumichrome produced from it in any particular reaction hes 
mixture, was computed from a nomograph constructed for that purpose. 


EXPERIMENTAL 


Fractionation of Enzyme Activity—Riboflavin hydrolase activities of in- 
tact cells, of sonic extract supernatant fluid, and of sonic extract débris (con- 
taining some intact cells) were compared. The activity of the supernatant 
fluid was relatively negligible in relation to that of the débris and of the in- 
tact cells. From this experiment it was concluded that the cell débris, 
though still containing some intact cells, exhibited considerably stronger 
enzyme activity than a suspension of the same number of intact cells. 
Therefore an attempt was made to obtain a preparation of active débris 
devoid of whole cells. 
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From 12 liters of culture 19.7 gm. of washed wet cells were obtained and 
sonically vibrated in 60 ml. of Tris buffer. The sonic extract was centri- 
fuged for 30 minutes at 880 X g. This removed essentially all the cells 
and large débris particles. The turbid supernatant liquid was recentri- 
fuged in a Spinco centrifuge for 1 hour at 12,200 X g, and the clear super- 
natant fluid (62 ml.) was collected and stored at 4°. The precipitate formed 
two layers, a trace of a bottom layer of opaque, yellow, undisintegrated 
cells and a fairly thick upper layer consisting of small particles in the form 
of a semitransparent, light brownish gel. The latter was separated me- 
chanically from the former and washed a few times with Tris buffer by high 
speed centrifugation (12,200 X g). The above procedures were carried out 
in the cold. As demonstrated in Table I, the supernatant fluid again ex- 


TaBLe I 
Riboflavin-Decomposing Activities of Two Fractions of Bacterial Sonic Extract 
The reaction system consisted of 0.5 ml. of 1.82 X 10-5 m riboflavin, 0.5 ml. of 0.02 
m Tris buffer (pH 7.0), and 0.5 ml. of supernatant or 0.2 ml. of particle suspension 
plus 0.3 ml. of water. These were shaken in a water bath at 32° for 2 hours. The 
reaction was stopped by adding 3.5 ml. of alcohol containing 5 per cent acetic acid. 
The solutions were clarified by centrifugation. Fluorescence of the supernatant 


solutions was measured after appropriate dilution. Initial riboflavin concentration 
was 1.82 X 10-' Mm. 








Enzyme preparation green ty Per cent decomposition 
M 
Ee eee See ee 7.5 X 10-6 61.3 
RIMINI cinisocawsede cence te bees hate 1.70 X 10-5 9.0 





hibited only slight activity, while the cell-free suspension of small particles 
showed a definite enzyme activity. 

Identification of Reaction Products—Conversion of riboflavin to lumi- 
chrome could reasonably be considered as a hydrolysis or a phosphorolysis 


CH.OH 
| 
(CHOH); CH,.0H 
CH, HCOH 
H 
N\jN Ny /N HCOH 
CH; ANN\G Nco HOX CH, V*S% co 
NH gto: NH * HCOOH 
CH; NAGZ CH; \LANAGZ l 
O O CH.0X 
Riboflavin lumichrome ribitol (or ribi- 


tol phosphate) 
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reaction as shown in the accompanying reaction, where X represents 
H or PO;H:. The reaction products were analyzed along this line in the 
following experiments. 

Lumichrome—Small particle fraction (1.3 ml.), 2 mM riboflavin (1.0 ml.), 
and 0.02 m Tris buffer (1.7 ml.) were mixed and incubated at 32° for 4 hours, 
The reaction was stopped by adding 21 ml. of ethanol containing 1 ml. of 
acetic acid. The precipitate formed was centrifuged and washed twice 
with 2 ml. of ethanol. The clear supernatant fluid and the washings were 
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Fic. 1. Paper chromatogram of enzyme, riboflavin, and lumichrome. Conditions 
described in the text. Colors of spots refer to fluorescence in ultraviolet light. 


combined and then evaporated in vacuo. The yellow syrupy residue thus 
obtained was again extracted with ethanol on a steam bath and the clear 
extract was concentrated to a small volume. The same procedure was 
followed for the enzyme preparation without added riboflavin, this serving 
as a control. Both of the concentrates, along with solutions of riboflavin 
and of authentic lumichrome, were applied as separate spots to a sheet of 
Whatman No. 1 filter paper. The chromatogram was developed with 
methanol by the ascending method and examined with an ultraviolet lamp 
(Mineralite obtained from Ultra-Violet Products, Inc.). Fluorescent 
spots from the reaction mixtures at Rr 0.26 (bluish yellow) and at 0.10 
(yellow) corresponded to those of control lumichrome and riboflavin, re- 
spectively (Fig. 1). Three unidentified fluorescent spots were observed at 
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Ry 0.00, 0.19, and 0.40, these being, respectively, bright yellow, green, and 
violet in fluorescence and very weak in intensity. The strong fluorescent 
area corresponding to the control lumichrome spot was cut out and eluted 
with 0.1 N NazCO; at room temperature, neutralized with dilute acetic acid, 
and evaporated to dryness in vacuo. The residue was extracted with hot 
ethanol and after evaporation of the ethanol the residue was taken up in 
0.1 N Na2CO;. The absorption spectrum of this yellow solution showed 
maxima at 256, 348, and 396 my. These corresponded with those of au- 
thentic lumichrome (258, 350, and 395 my). 

Tests for Organic Phosphate Compounds—Riboflavin (2 mm, 0.5 ml.) was 
decomposed by the enzyme preparation (1.5 ml.) in the presence of 0.02 m 
phosphate buffer at pH 7.0 (0.2 ml.). The reaction was stopped after in- 
cubation for 2 hours at 32° by the addition of 10 ml. of ethanol. After 
removal of the precipitate the supernatant liquid was evaporated to dryness 
in vacuo at room temperature. The residue was extracted with ethanol and 
concentrated in vacuo. The same treatment was carried out as a control 
with the enzyme preparation without added riboflavin. Each of these 
concentrates was chromatographed on paper in three different solvent sys- 
tems (5) and the chromatograms were developed for ortho- and organophos- 
phate (6). The pattern of phosphate spots from both concentrates was al- 
most identical in Ry values, spot areas, and color intensity. This fact, 
along with washing experiments described later, suggests the non-involve- 
ment of phosphate in the cleavage of riboflavin by the hydrolase. 

Ribitol—The formation of ribitol as a product of the enzyme action was 
demonstrated by paper chromatographic analysis and by the isolation of 
ribitol as the dibenzylidene derivative. 

Paper Chromatography—aA portion of each of the ethanol extracts de- 
scribed above was applied as a spot to a strip of filter paper and chroma- 
tographed (ascending) successively in three solvent systems, e.g. 98 per 
cent pyridine, methanol, and 50 per cent methanol. 

The first solvent separated ribitol from Tris buffer which is sensitive to 
some of the reagents used to detect ribitol, the second separated ribitol 
from riboflavin and lumichrome, and the third from a trace of an unidenti- 
fied fluorescent substance. Table II shows the Ry values of the substances 
detected. In the enzyme control which had received no riboflavin, only 
the Tris buffer spot was found. The (presumed) ribitol spots from the re- 
action mixture displayed the same color upon development (7, 8) and pos- 
sessed the same Fy values in the different solvents as authentic ribitol run 
concurrently on a control paper strip. 

Isolation of Ribitol As Dibenzylidene Derivative—3 mg. of riboflavin were 


1 The substance emitting violet fluorescence was extracted from the paper and its 
absorption maximum was found to be 307 to 310 my in pyridine. 


YIM 
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decomposed in a mixture consisting of 7 ml. of enzyme solution and 0.5 ml. 
of Tris buffer in a total volume of 37.5 ml. The enzyme reaction 
was stopped by adding 5 ml. of acetic acid. The clear supernatant fluid 
mixed with washings of the precipitate was extracted with ether overnight 


TaBLeE II 
Isolation of Ribitol by Successive Paper Chromatography 

Enzyme preparation (13 ml.), 0.2 mm riboflavin(10 ml.), and 0.02 m Tris buffer 
were mixed and incubated for 4 hours. A control mixture containing no riboflavin 
was run simultaneously and analyzed in paralle) as described below. After removal of 
material precipitated by acetic acid-alcohol, the supernatant fluid was concentrated 
in vacuo. The first paper strip chromatography was developed in 98 per cent pyri- 
dine; a guide strip spotted with a solution containing a mixture of ribitol, Tris buffer, 
lumichrome, and riboflavin was run concurrently. The portion of the chromato- 
gram between Rp 0.8 and 1.0 was cut off, and the elutable material was concentrated 
and rechromatographed in methanol; a guide strip spotted with a solution containing 
a mixture of ribitol, lumichrome, and riboflavin was run concurrently. The portion 
of the second chromatogram between Rp 0.35 and 0.48 was cut off, and the elutable 
material was concentrated and chromatographed a third time in 50 per cent meth- 
anol; a guide strip spotted with ribitol was run concurrently. A portion of the 
strip between Ry 0.58 and 0.73 was cut off and the elutable material was concentrated 
and applied as a spot to a strip of filter paper. The strip was divided lengthwise in 
two parts. One part was sprayed with alkaline KMnO, solution (7) and the other 
with boric acid-bromocresol purple reagent (8). The presence of ribitol was de- 
tected in the chromatogram made from the riboflavin-enzyme mixture and in the 
guide strip containing authentic ribitol. No ribitol could be detected in the chro- 
matograms made from the control enzyme mixture to which no riboflavin had been 
added. 

















Rr values in successive different solvents 
Substance 
98 per cent pyridine Methanol pel ng 
| EE SA ee eee ee SOR 0.86 0.43 0.66 
Rs ee i saan clase ele 0.73 
ES Sb oy ahaa ess ane acd 0.90 0.24 
Riboflavin 0.12 
Violet fluorescent substance;..... 0.80-0.95 0.41 0.46 
Green a " 0.19 | 








in a Kutscher-Steudel liquid-liquid extraction apparatus. Following the 
concentration of the aqueous residue in vacuo, the concentrate was mixed 
with 1.25 gm. of pulverized barium hydroxide and allowed to stand at 4° 
for 2 hours, followed by the addition of 45 ml. of 96 per cent ethanol. The 
mixture was kept overnight at 4°. In this procedure sugars and other im- 
purities are eliminated (9). The precipitate thus formed was centrifuged 
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ml. and the clear supernatant fluid was flushed with a stream of carbon dioxide 
jon to precipitate the barium in the system. After concentration of the super- 
uid natant liquid in vacuo, it was chromatographed as a band on paper with a 
ght guide strip of authentic ribitol. The solvent was methanol. The area of 


the paper corresponding to the authentic ribitol spot, as established by 
spraying the guide strip with alkaline KMnQ, (7), was cut out and eluted 
repeatedly with ethanol. The combined eluates were evaporated to dry- 
iffer ness in vacuo. 


avin The amorphous white residue (which still contained small amounts of 
a Tris buffer) was thoroughly dried in a vacuum desiccator and dissolved in 
nyri- 2 ml. of absolute methanol containing 0.01 ml. of freshly distilled benzalde- 
iffer, hyde. Dry hydrogen chloride gas was slowly passed through the methanol 
ato- solution for 15 minutes. The reaction was carried out in an ice bath to 
ated prevent any rise in temperature and the openings were blocked with tubes 
aan of dry CaCl, to keep the system moisture-free. The reaction mixture thus 
sable treated was evaporated in vacuo without heating and dried in a desiccator 
neth- containing sodium hydroxide pellets until the mixture was free of hydro- 


f the chloric acid. The use of 50 per cent H.SO, in this synthesis, as reported 


rated by Fischer (10) and by Hackman and Trikojus (11), was unsatisfactory for 
serhs minute amounts of ribitol. 

a ae White crystals predominated in the residue and they were washed with 
n the distilled water to remove the contaminating Tris buffer. After drying, the 
chro- crystalline material sublimed slowly on a micro heating block at about 160°. 
been 


The silk-like needles thus obtained in minute amount had the same shape 
mere and sublimation temperature (164-166°) as those of the authentic diben- 
zylidene derivative of ribitol prepared by the same procedure. No change 

in sublimation temperature was found with mixed crystals of the isolated 
“y and authentic material. 








Characteristics of Riboflavin Hydrolase Action 


Non-Involvement of Phosphate—An experiment in which paper chroma- 
tographic analysis for phosphate turnover in the reaction mixture revealed 
6 no apparent involvement of that group was previously described. Corrob- 
oration of this conclusion was obtained by use of the particulate enzyme- 
containing fraction which was washed repeatedly with cold Tris buffer (0.01 
e the M) until no inorganic phosphate could be detected in the washings by means 
nil of the Fiske-Subbarow reagents (12). Tnorganic phosphate and adenosine 

at 4° triphosphate were tested in separate aliquots of the enzyme preparation for 

The their influence on the course of riboflavin hydrolysis. As shown in Table 
on tae III, the enzyme was not significantly less active in the absence of added 
ifuged phosphate compounds than in their presence. 


we 
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Oxygen Uptake—Oxygen uptake was measured in the conventional way in 
in Warburg respirometers during the course of riboflavin hydrolysis. There th 
was no difference in oxygen uptake with or without added riboflavin, indi- ril 
cating that the attack on riboflavin is non-oxidative and that the products of 
of the primary hydrolysis are not further oxidized. ab 


Inactivation by Anaerobiosis—Riboflavin hydrolase is greatly inhibited 


Tasxe III 
Effect of Phosphates on Riboflavin Hydrolase Activity 
Aliquots of the enzyme preparation (0.25 ml.) washed five times, 2.66 X 10-‘ um 
riboflavin (0.25 ml.), and 0.025 m phosphate buffer or 2 X 10-* m adenosine triphos- 
phate (0.05 ml.) were mixed and shaken for 85 minutes in a water bath at 32°. Ini- 
tial riboflavin concentration was 1.21 X 10-4 m. 














Phosphate added Vinal totaete Per cent decomposition 
mu X 10-8 
Nh, etree acs ci gtenrrceie dase aie 5 Apts oe eat 3.59 70 
Inorganic phosphate.................... 1.57 87 
Adenosine triphosphate................. | 2.69 78 
TaBLeE IV 


Effect of Anaerobiosis on Riboflavin Hydrolase Activity 
The mixture of enzyme preparation (0.25 ml.) and 2.66 X 10-4 m riboflavin (0.25 











ml.) was incubated with shaking for 3.5 hours. The aerobic reaction was conducted Th 
in an ordinary test-tube and the anaerobic reaction was conducted in an evacuated anc 
Thunberg tube. Initial riboflavin concentration was 1.33 X 10-‘ M. 60, 
a Ae : 10- 

Treatment Tint eee Per cent decomposition sys 

j 

= sist 

IN 5.3.65 se sistitsintile > SaRRER Ny A Vo mee 2.13 X 10-5 84 ml. 
RRR RPS arate hor poaeremaee 1.13 X 10-4 15 ual 





was 
to | 
in the absence of oxygen. One reaction was conducted in a Thunberg tube 


exhaustively evacuated while the control was run in an ordinary test-tube | jg ¢ 
in an atmosphere of air. As presented in Table IV, a marked inhibition | 4,4 
(82.1 per cent) was observed in the anaerobic reaction. This phenomenon 
will be discussed later. 


Some Kinetics of Riboflavin Hydrolase ; 
ul 


Effect of Substrate Concentration—Rates of enzyme activity in various | ¢hy 
concentrations of riboflavin were measured. As shown in Fig. 2, a striking | jp, 
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inhibition of the enzyme was observed at riboflavin concentrations greater 
than 5 X 10-5 mole per liter (18.8 mg. per liter). This concentration of 
riboflavin is considerably less than that required for induction of synthesis 
of riboflavin hydrolase by intact cells (30 mg. per liter). Very likely perme- 
ability properties of the cell wall contribute to the difference. 

Effect of pH—Fig. 3 shows that the optimal pH for activity of the enzyme 
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Fig. 2. Effect of substrate concentration on the activity of riboflavin hydrolase. 
The systems consisted of 0.5 ml. of riboflavin solution, 0.5 ml. of Tris buffer (pH 7.0), 
and 0.2 ml. of enzyme preparation. The reaction was stopped in each system after 
60, 120, 130, 140, and 210 minutes, respectively, for the concentrations of 10~4-78, 104-58, 


10-4-38, 10-4-18, and more than 10-*-® m riboflavin. The final concentration in each 
system was then measured. 

Fia. 3. Effect of pH on the activity of riboflavin hydrolase. The systems con- 
sisted of 1 ml. of 0.067 m phosphate buffer, 0.1 ml. of 2.66 X 10-4 m riboflavin, and 0.1 
ml. of enzyme preparation. The reaction was stopped after 40 minutes and the resid- 
ual riboflavin was measured. The velocity of riboflavin hydrolysis (Figs. 2 and 3) 
was calculated on the basis that the reaction is monomolecular, since this was proved 
to be true at a fixed substrate concentration. 


is fairly broad, e.g. pH 5.8 to7.0. The optimum for riboflavin-decomposing 
activity of intact cells of P. riboflavina was reported to be pH 7.7 (1). 


Specificity of Riboflavin Hydrolase 


The specificity of the enzyme preparation was tested by using a limited 
number of compounds readily available. The compounds tested represent 
three classes: (1) different polyhydric alcohols substituted for ribitol in the 
riboflavin molecule, (2) different substitutions in the isoalloxazine ring, 
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602 BACTERIAL RIBOFLAVIN HYDROLASE 
and (3) different N-ribityl-linked ring nuclei. Their structures are depicted 
in the accompanying forms. 

Activity of the enzyme on all the compounds except the benzimidazole 
derivatives was tested fluorometrically, since the fluorescence of these com- 
pounds was considerably stronger than that of the corresponding products, 
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Enzyme activity on the benzimidazole derivatives was tested by paper 
chromatography as described later. 

Table V shows the relative activities of the enzyme on seven isoalloxazine 
compounds. It is noteworthy that riboflavin-5’-phosphate, the biologi- 
cally active form of the vitamin, was hardly attacked by the en- 
zyme, whereas it was rapidly oxidized by intact cells. In the latter, the 
possibility must be considered that phosphatase action liberated free ribo- 
flavin. Also, the possibility cannot be excluded that slight phosphatase 
activity existed in the cell-free enzyme preparation, or that a small amount 
of free riboflavin was present as an impurity in the riboflavin phosphate, 
thereby accounting for the slight apparent activity. Special experiments 
designed to see whether riboflavin phosphate inhibited riboflavin hydrolase 
competitively failed to reveal any inhibition at a concentration 10 times 
that of substrate riboflavin. 

Blockage of the terminal alcohol group either by phosphorylation (ribo- 
flavin phosphate) or by reduction, e.g. the substitution of the terminal 
methylol by a methyl group (5’-deoxyriboflavin),? renders riboflavin as an 
unfavorable substrate for the enzyme. The configuration of polyhydric 
groups also seems to be one of the important factors for the hydrolyzing 
activity, since the 5-carbon lyxityl derivative, lyxoflavin,’ was hydrolyzed 
at only 11 per cent the rate that riboflavin was hydrolyzed. Also, the 6- 
carbon polyhydric substituted compound, e.g. galactoflavin,’ was not hy- 
drolyzed detectably, but the 6-carbon sorbityl derivative, dichlorosorbo- 
flavin,* was hydrolyzed almost half as rapidly as riboflavin. Perhaps the 

2 We are indebted to Dr. D. Hendlin of Merck and Company, Inc., for supplying 
this compound. 


3 We wish to thank Dr. K. Folkers of Merck and Company, Inc., for supplying 
these compounds. 
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configuration around the 2’- and 3’-carbon atoms is vital for maximal en- ex 
zymatic activity. Isoriboflavin,‘ a riboflavin antagonist in the rat (13), on 
was hydrolyzed very slowly by the enzyme.° sti 
The ribityl and the ribosido derivatives of benzimidazole, ribityldimethyl- pa 
benzimidazole (1-(1’-p-ribityl)-5 ,6-dimethylbenzimidazole) and a-ribazole be 
(1-(1’-p-ribosido)-5 ,6-dimethylbenzimidazole), were tested for hydrolysis ilh 
by the enzyme by paper chromatographic detection of the expected product H 
of hydrolysis, e.g. 5 ,6-dimethylbenzimidazole. sh 
5 ml. of enzyme preparation, 0.5 ml. of 0.1 per cent ribityldimethylben- 5, 
zimidazole* 4 or ribosidodimethylbenzimidazole* solution, and 0.5 ml. of as 
dit 

TABLE V no 

Specificity of Riboflavin Hydrolase be 

Experiments I to III were performed with different batches of enzyme prepara- th: 


tions. In each experiment 0.2 ml. of enzyme preparation, 0.2 ml. of 10-* m substrate, 
and 1.6 ml. of Tris buffer (pH 7.0) were mixed and shaken for 3 hours at 32°. Rela- 
tive activity is expressed in terms of rate of decomposition of riboflavin which is 
assigned a value of 100. 
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Experiment I Experiment II Experiment III is 
Substrate Per cent . Per cent = Per cent . ple 
decom- | Tetivity | deeom- | erivity | decom- | Sctivity nu 
du 
p-Riboflavin............... 52 100 94 100 78 100 pos 
p-Riboflavin-5’-phosphate. . 3 6 13 14 pel 
5’-Deoxyriboflavin......... 4 8 ; 
| re 10 11 tio 
p-Galactoflavin............ 0 0 
p-Dichlorosorboflavin...... 30 39 
p-Isoriboflavin............ 6 8 
0.067 m phosphate buffer (pH 7.0) were mixed and shaken at 32° for 5 hours. 
The reaction was stopped by the addition of 10 ml. of ethanol, and the 
precipitate formed was removed by centrifugation. The supernatant fluid 
was evaporated to dryness in vacuo, and the residue was extracted with 
15 ml. of hot ethanol containing 0.1 ml. of ammonium hydroxide. The , 
4 We wish to thank Dr. J. A. Aeschlimann of Hoffmann-La Roche, Inc., for supply- lun 
ing these compounds. tau 
5 The end-product of enzyme hydrolysis of isoriboflavin, isolumichrome (5,6-di- } 
methylalloxazine), was isolated by ether extraction of the reaction mixture. No atc 
evidence could be found in the literature that this particular alloxazine compound Gre 
has been previously synthesized. It showed absorption maxima at 264 and 300 mg, 
which are identical with those of isolumichrome synthesized chemically by an adap- wh 
tation of the procedure described by Karrer et al. (4) for synthesis of substituted Tov 
alloxazines. ani 








XUM 


ell- 
3), 


iyl- 
Lole 
ysis 
luct 


yen - 


. of 


yara- 
rate, 
Rela- 
ch is 


ative 
ivity 


ours. 
d the 
, fluid 
with 
The 


upply- 
5 ,6-di- 


ypound 
00 my, 
1 adap- 
tituted 





YUM 


T. YANAGITA AND J. W. FOSTER 605 


extract thus obtained was concentrated and chromatographed (ascending) 
on a paper strip with 95 per cent isopropyl! alcohol as solvent. A guide 
strip of authentic 5,6-dimethylbenzimidazole (Eastman) was also run in 
parallel. Several portions of the paper near the corresponding dimethyl- 
benzimidazole spot on the guide strip (Rr 0.69) detected by ultraviolet 
illumination were cut out, eluted with ethanol, and adjusted to 0.01 N with 
HCl. The absorption spectrum of the eluates from each area did not 
show the typical absorption maxima of 284, 274, and 277 mu of authentic 
5 ,6-dimethylbenzimidazole (14), but showed the same absorption spectrum 
as that of the control experiment without added substrates. Thus, no 
dimethylbenzimidazole was present, indicating that the substrates were 
not hydrolyzed. It may be concluded that the N-ribityl group on the 
benzimidazole ring does not confer the specificity for riboflavin hydrolase 
that the N-ribityl group on the isoalloxazine ring does. 


DISCUSSION 


Demonstration of riboflavin hydrolase permits one to conclude that the 
first step in the attack of riboflavin by living cells of P. riboflavina (1, 2) 
is a hydrolysis followed by utilization of the ribitol, as contrasted to a 
piecemeal degradation of the ribityl chain still attached to the heterocyclic 
nucleus. It is possible that a similar hydrolytic reaction explains the pro- 
duction of lumichrome from riboflavin when a solution of the latter is ex- 
posed to daylight or sunlight. Karrer et al. (4) obtained a weak test for 
pentose in the irradiated mixture; the pentose may have been an irradia- 
tion product of initially formed ribitol. 
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| 
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The enzymatic hydrolytic cleavage of riboflavin conceivably could yield 
lumichrome (6,7-dimethylalloxazine) either directly or indirectly via its 
tautomer, 6 ,7-dimethylisoalloxazine (see the accompanying diagram). 

In the former case the proton from water is directly combined with N 
atom 1 as shown by the solid arrow. In the latter case the proton would 
first react with N atom 9 to form the unstable isoalloxazine compound 
which then would undergo a tautomeric shift to lumichrome (broken ar- 


rows). These experiments shed no light on details of the reaction mech- 
anism. 
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The inhibition of the enzyme by anaerobic conditions might be a reflec- 
tion of the oxidation-reduction potential of the system. This effect has 
been observed with the hydrolytic enzymes (trypsin, chymotrypsin, 6-am- 
ylase, urease) (15) and with oxalic acid decarboxylase (16). 

The action of riboflavin hydrolase seems to be comparable to that of 
nucleosidase. Some of the nucleosidases are known to catalyze phosphor- 
olytic reactions and some others catalyze hydrolytic reactions (17). Ribo- 
flavin hydrolase action is similar to the latter. Important to determine is 
whether the action of this enzyme is reversible. For example, the equilib- 
rium in the phosphorolysis of inosine favors the synthesis of the nucleoside 
(18). 

An alternative pathway of the biosynthesis of nucleotides has been 
postulated. Here the purine ring is completed after the introduction of 
the ribose phosphate moiety (19). In the biosynthesis of riboflavin, both 
pathways need also to be considered, e.g. the combination of a ribityl or a 
phosphorylated ribityl group with a completed alloxazine ring (lumichrome) 
and the introduction of a ribityl (or phosphorylated ribityl) group into an 
intermediary open chain compound prior to the formation of the hetero- 
cyclic compound. An attempt was made to demonstrate the reversibility 
of riboflavin hydrolase by using radioactive lumichrome and pure ribitol. 
This labeled compound was produced enzymatically from radioactive ribo- 
flavin extracted from a culture of the mold Eremothecitum ashbyii (20), 
cultivated in a medium containing C'*-labeled acetate. The reversal ex- 
periment was unsuccessful because of the low specific activity of the labeled 
lumichrome preparation. However, it may be concluded that the action 
of this enzyme greatly favors the hydrolysis rather than the synthesis of 
riboflavin, since no riboflavin spot on the paper chromatogram of the re- 
action mixture could be detected after exposure of lumichrome and ribitol 
to the enzyme for a considerable period of time. 


SUMMARY 


An enzyme which catalyzes the hydrolysis of riboflavin to lumichrome 
and ribitol was found in the particulate fraction of ultrasonic extracts of 
the bacterium, Pseudomonas riboflavina. The enzyme was named ribo- 
flavin hydrolase. Lumichrome was characterized by its Rr values, its 
fluorescence, and its ultraviolet absorption spectrum. Ribitol was charac- 
terized by paper chromatography and also isolated as the dibenzylidene 
derivative. The enzyme was highly specific for riboflavin, attacking ribo- 
flavin-5’-phosphate very slowly. Most of the other isoalloxazine com- 
pounds tested were hydrolyzed only slightly. Indications are that a ribityl 
substitution in the N atom 9 of isoalloxazine is essential for riboflavin 
hydrolase activity. The riboside was not attacked nor was 1-p-ribityl- 
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5,6-dimethylbenzimidazole. Neither orthophosphate nor adenosine tri- 
phosphate was essential for the activity of the enzyme. Other character- 
istics of the enzyme are described. 


ons 


— 


BIBLIOGRAPHY 


. Foster, J. W., J. Bact., 47, 27 (1944). 

. Foster, J. W., J. Bact., 48, 97 (1944). 

. Hou, H. C., Proc. Soc. Exp. Biol. and Med., 70, 582 (1949). 

. Karrer, P., Salomon, H., Schépp, K., Schittler, E., and Fritzche, H., Helv. chim. 


acta, 17, 1010 (1934). 


. Burrows, 8., Grylls, F. 8S. M., and Harrison, J. 8., Nature, 170, 800 (1952). 

. Hanes, C.§8., and Isherwood, F. A., Nature, 164, 1107 (1949). 

. Paesu, E., Mora, T. P., and Kent, P. W., Science, 110 446 (1949). 

. Bradfield, A. E., and Flood, A. E., Nature, 166, 264 (1950). 

. Fleury, P., and Fatéme, M., J. pharm. et chim., 21, 247 (1935). 

. Fischer, E., Ber. chem. Ges., 26, 633 (1893). 

. Hackman, R. H., and Trikojus, V. M., Biochem. J., 51, 653 (1952). 

. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

. Emerson, G. A., and Tishler, M., Proc. Soc. Exp. Biol. and Med., 55, 184 (1944). 
. Wolf, D. E., and Folkers, K., in Sebrell, W. H., Jr., and Harris, R. S8., The vita- 


mins, New York, 1, 403 (1954). 


. Yanagita, T., and Nishi, A., Symposia Enzyme Chem., Japan, 7, 98 (1952). 
. Shimazono, H., J. Biochem., Japan, 42, 321 (1955). 

. Lampen, J. O., Bact. Rev., 16, 211 (1952). 

. Kalekar, H. M., J. Biol. Chem., 158, 723 (1945). 

. Schulman, M. P., and Buchanan, J. M., J. Biol. Chem., 196, 513 (1952). 

. Plaut, G. W. E., J. Biol. Chem., 208, 513 (1954). 











XUM 


elic 
is 1 
wh 
in\ 


Ch 


adi 
is 1 
ars 





YIM 


PENTACHLOROPHENOL AND MITOCHONDRIAL 
ADENOSINETRIPHOSPHATASE* 


By EUGENE C. WEINBACH{ 


(From the Laboratory of Tropical Diseases, National Microbiological Institute, 
National Institutes of Health, United States Department of Health, Education, 
and Welfare, Bethesda, Maryland) 


(Received for publication, November 18, 1955) 


The ability of dinitrophenol to uncouple oxidative phosphorylation and 
elicit ATPase! activity in freshly isolated, undamaged rat liver mitochondria 
is well established (1-3). In a previous report (4), evidence was presented 
which demonstrated similar properties for pentachlorophenol. Subsequent 
investigation has revealed that PCP, although evoking latent ATPase ac- 
tivity in undamaged mitochondria, in addition, and in striking contrast 
to DNP, inhibits the ATPase activity of damaged mitochondria. 

In view of the importance of mitochondrial ATPase in its relationship 
to oxidative phosphorylation, it was of interest to study in more detail the 
effect of PCP upon mitochondrial enzymes which catalyze the hydrolysis 
of ATP. This report summarizes such studies and shows that PCP, un- 
like DNP, inhibits the ATPase activity in a variety of mitochondrial prep- 
arations, including “soluble” systems. 


EXPERIMENTAL 


Tissue Preparations—The mitochondria were isolated from rat liver by a 
slight modification (4) of the procedure of Schneider (5). Each ml. of the 
final mitochondrial suspension in 0.25 m sucrose represented 0.5 gm. of fresh 
liver. The suspension was used immediately in all experiments where un- 
damaged mitochondria were desired. 

Pre-aged mitochondria were prepared by incubation of the final mito- 
chondrial suspension, diluted so that each ml. represented 0.33 gm. of fresh 
liver, at 37° for 20 minutes prior to its use in the reaction mixture. 

Sonic disruption of the mitochondria was accomplished by exposing the 
final mitochondrial suspension, diluted so that each ml. represented 0.25 gm. 
of fresh liver, to the oscillations of a 9 ke. Raytheon oscillator for 10 min- 

* Presented in part before the Division of Biological Chemistry of the American 
Chemical Society, 127th national meeting, Cincinnati, March 29-April 7, 1955. 

{ With the technical assistance of C. Elwood Claggett. 

1 The following abbreviations are used: ATPase, adenosinetriphosphatase; ATP, 
adenosine triphosphate; PCP, pentachlorophenol; DNP, 2,4-dinitrophenol. ATPase 


is used in this report to designate the enzyme or enzymes in the mitochondrial prep- 
arations which release inorganic phosphate from added ATP. 
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utes at 2°. The suspension was then diluted further with an equal volume 
of 0.25 m sucrose. This preparation was used directly in the experiments 
of Table I. If ‘‘soluble’’ enzymes were desired, the suspension was centri- 
fuged at 20,000 x g for 30 minutes at 0° and the opalescent, pale yellow 
supernatant fluid was used. This preparation was optically clear when 
examined under the phase contrast microscope. The pellet that remained 
after centrifugation also possessed ATPase activity, but was not used in 
the present study. 

Benzene-treated mitochondrial preparations were obtained by adding 
sufficient benzene to the final mitochondrial suspension, diluted so that 
each ml. represented 0.125 gm. of fresh liver, to yield a concentration of 
0.5 per cent by volume, after which the suspension was shaken manually. 
These preparations were used in the reaction mixtures 2 minutes after the 
addition of benzene. 

The specific ATPase of liver mitochondria was prepared by the method 
of Kielley and Kielley (6). The sedimented red-brown gel was suspended 
in sufficient 0.25 m sucrose to yield an average N content of 0.2 mg. per ml. 
(micro-Kjeldahl). 

A soluble ATPase preparation was obtained from acetone-desiccated 
mitochondria essentially according to the procedures (3, 7) described by 
Lardy and coworkers. A clear supernatant solution was obtained by cen- 
trifugation of the enzyme extract at 20,000 x g for 30 minutes at 0°. 

Materials and Methods—ATP disodium salt (Pabst Laboratories) was 
used; PCP, DNP, and the other substituted phenols (Eastman) were re- 
crystallized from aqueous alcohol. Solutions of all reagents were at pH 
7.4 before addition to reaction mixtures. ATPase activity was determined 
in 13 X 100 mm. test-tubes as follows. The chilled tubes, which contained 
the reaction components, were immersed in a constant temperature bath, 
and the reaction was started by the addition of enzyme. Inorganic phos- 
phate was determined (8) on aliquots of the reaction mixture after depro- 
teinization with cold perchloric acid (final concentration, 2.5 per cent). 
The net release of phosphate was calculated from the differences between 
the inorganic phosphate content of the experimental reaction mixtures 
and the corresponding zero time values. Precautions were taken to assure 
proportionality to both enzyme concentration and time. All determina- 
tions were carried out in duplicate, and the results are average values of at 
least two separate experiments. 


RESULTS AND DISCUSSION 


Experiments with Intact Mitochondria—Freshly prepared 0.25 m sucrose 
suspensions of rat liver mitochondria are known to cause little, if any, phos- 
phate release when incubated with ATP (3, 4,9, 10). Actually, with most 
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of our preparations, a slight decrease of phosphate was observed when fresh 
mitochondrial suspensions were incubated with ATP. When PCP or DNP 
was added in the appropriate concentration, there was a marked phosphate 
release as shown in Fig. 1. At the lowest concentration of the substituted 
phenols (5 X 10-* m), PCP was roughly twice as effective as DNP in evok- 
ing ATPase activity. However, as the concentrations of the substituted 
phenols were increased (5 X 10-° ), the effectiveness of the compounds 
was essentially parallel, but at the higher concentrations (5 * 10-* m and 
above) the ability of PCP to elicit the ATPase reaction fell off markedly, 
while that of DNP remained high. In view of this unexpected finding, it 
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MOLARITY OF SUBSTITUTED PHENOL 
Fig. 1. Elicitation of ATPase activity from undamaged mitochondria. Each tube 
contained 0.04 m glycylglycine buffer, pH 7.4, 0.005 m MgCls, 0.006 m ATP, 0.2 ml. 
(0.40 mg. of N) of mitochondria plus substituted phenols as indicated, and sufficient 


0.25 m sucrose to make a final volume of 1.0 ml. Incubation time, 10 minutes; tem- 
perature, 25°. 


seemed of interest to test the effect of PCP upon the ATPase activity that 
could be released from mitochondria in other ways. 

Experiments with Damaged Mitochondria—The three procedures used 
for releasing latent ATPase activity (Table I) were (1) pre-aging of mito- 
chondria, (2) sonic disruption at 2°, and (3) treatment of the mitochondrial 
suspension with benzene. In all three cases of mitochondrial damage, PCP 
in concentrations of 5 X 10~ m and higher strongly inhibited the phos- 
phatase activity (Table I). DNP, on the other hand, was not inhibitory, 
even at the highest concentration employed (5 X 10-* m), but stimulated 
rather slightly the hydrolysis of ATP. 

Studies with “Soluble” Enzymes—These procedures are similar to those 
reported to increase the permeability of mitochondria (11). In order to 
evaluate a possible effect of permeability, “soluble” ATPase enzymes were 
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prepared from acetone-dried or sonically disrupted mitochondria. Fur- 
thermore, in view of the’ finding of Lardy and Wellman (3) that DNP 


TABLE I 
Effect of PCP and DNP on ATPase Activity of Damaged Mitochondria 
Except for the enzyme source, the conditions of the experiment were those given 
in Fig. 1. Average N per tube, pre-aged mitochondria, 0.30 mg., sonically treated 
and benzene-treated, 0.11 mg. All the values are expressed as micromoles of phos- 
phate released in 10 minutes at 25°. 















































Pre-aged Sonically treated | Benzene-treated 
Molarity | : 
pcp | DNP PCP DNP | PCP | DNP 

0 1.86 1.86 2.74 2.74 2.96 2.96 
5 X 10-6 1.89 2.00 3.08 2.85 2.90 3.30 
5 X 10-5 1.78 1.97 | 2.34 3.02 3.09 3.38 
5 X 10-4 0.38 2.11 | 0.62 3.25 | 113 | 3.62 
5 X 10°% 0.21 | 1.86 | 0.12 3.34 | 0.10 | 3.72 
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MOLARITY OF SUBSTITUTED PHENOL 
Fia. 2. Effect of PCP and DNP on “soluble” mitochondrial ATPase. A, acetone 


powder extract. Each tube contained 0.04 m glycylglycine buffer, pH 7.4, 0.001 m 
MgCls, 0.006 m ATP, and 0.3 ml. (0.74 mg. of N) of extract of acetone powder plus 
substituted phenols as indicated, and sufficient 0.15 m KCl to make a final volume 
of 1.0 ml. B, supernatant fluid from sonically disrupted mitochondria. Each tube 
contained the reaction mixture listed in Fig. 1, except that the enzyme source was 
0.2 ml. (0.006 mg. of N) of supernatant fluid from sonically disrupted mitochondria. 
Substituted phenols as indicated were added, plus sufficient 0.25 m sucrose to make 
a final volume of 1.0 ml. Incubation time, 10 minutes; temperature, 25°. 


enhanced the ATPase activity of soluble extracts of acetone-desiccated mi- 
tochondria, it was of interest to test PCP in such a system. The data 
summarized in Fig. 2, A, confirm that DNP increases the rate of ATP hy- 
drolysis by the soluble extracts (3) and show, in addition, that PCP in low 
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‘ur- concentrations (5 X 10-5 m) has a similar effect. However, PCP in con- 
NP centrations of 5 X 10~* m and higher inhibited, while DNP in correspond- 
ing concentrations enhanced, the dephosphorylation reaction. 

Sonic treatment of 0.25 m sucrose suspensions of mitochondria released 
ATPase activity into the medium. The activity that remained in the su- 
iven pernatant fluid after centrifugation at 20,000 X g for 30 minutes at 0° was 
ated approximately 10 times higher, based on the total nitrogen content, than 
hos the activity of the acetone powder extracts (Fig. 2, B). It resembled the 
il enzyme obtained from the extracts in that it could be sedimented from the 
supernatant fluid by centrifugation at 144,000 x g for 1 hour (cf. Lardy 
ar and Wellman (3)). Although the response to DNP was less than was ob- 


ae tained with acetone powder extracts, with PCP the ATPase activity again 
6 

30 TaBLeE II 

38 Reversibility of PCP Inhibitory Action 

“ The composition of the reaction mixture was the same as that given in Fig. 1. 


Pre-aged mitochondria served as the enzyme source. Incubated 10 minutes at 25° 
after washing. Other experimental details are given in the text. 





| Per cent inhibition 





Incubation time prior to | 
washing Initial exposure to 5 X 


| 








oa 5 . Reexposure to 5 X 107* 
| 4074 ——” to After washing | ut PCP after washing 
| | | 

min. | 
10 77.0 | 7.0 78.6 
15 | 75.0 | 12.0 | 75.0 





was markedly inhibited. The inhibition was even greater than that ob- 
served with the acetone preparation (Fig. 2, B). 

Experiments with Reversibility—The reversibility of the PCP inactiva- 
vetone tion of mitochondrial ATPase was demonstrated with pre-aged mitochon- 
001M } dria. If, after incubation with PCP, the mitochondria were removed by 
r plus | sedimentation, washed free of the drug, and reincubated with fresh sub- 
olume ae : ata 
» tee strate, as shown in Table II, there was restoration of the ATPase activity. 
“e was The mitochondrial enzymes were still capable of responding to the halo- 
ndria. phenol, for the addition of fresh PCP again caused marked inhibition of 
make the ATPase reaction. As anticipated, with increasing time of exposure 
to PCP there was less reversal. With periods of exposure longer than 15 
minutes or during which higher concentrations of PCP were used, there 


ge was significant loss of nitrogen into the medium. 

P : a Studies in Turbidity—The addition of high concentrations (5 X 10-* m) 
v: 

n low 2 Accomplished by suspending the mitochondria in fresh isotonic sucrose and re- 


centrifuging at 8500 X g for 10 minutes at 0°. The washing was repeated once. 
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of PCP to 0.25 m sucrose suspensions of mitochondria caused a rapid and 
marked decrease in the turbidity of such suspensions (Fig. 3). At lower 
concentrations, the effect was slower and from a quantitative stand-point 
quite erratic, although decreases in turbidity were always observed. The 
decrease in turbidity was accompanied by a loss of nitrogen into the medium 
and release of acid-soluble substances, which absorb at 260 mu (cf. Siekevitz 
and Potter (12)). This suggested swelling of the mitochondria and other 
alterations of mitochondrial structure. DNP, on the other hand, at con- 
centrations as high as 5 X 10-* m, had no effect on the measurements of 
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Fia. 3. Effect of PCP on the turbidity of mitochondrial suspensions. The cu- 
vettes contained 0.04 m glycylglycine buffer, pH 7.4, 0.2 ml. (0.34 mg. of N) of mito- 
chondria plus substituted phenols as indicated, and sufficient 0.25 m sucrose to make 
a total volume of 3.0 ml. At zero time either PCP, DNP, or an equal volume of H,0 
(control) was added. Measurements were made in a Beckman model DU spectro- 
photometer at room temperature. 


turbidity (Fig. 3). While this work was in progress, Hunter and Ford re- 
ported (13) on the ability of Versene* to protect mitochondrial suspensions 
from decreases in turbidity caused by surface-active agents such as sapo- 
nin and deoxycholate. The presence of 0.01 m Versene in mitochondrial 
suspensions subsequently exposed to PCP not only failed to protect, but 
greatly accelerated the decrease in turbidity. 

Other Halogenated Phenols—The inhibitory property of PCP for mito- 
chondrial ATPase is shared by other halogenated phenols. As summarized 
in Table III, a reciprocal relation exists between the ability of a given halo- 
phenol to elicit ATPase and its ability to inhibit mitochondrial ATPase. 
Those phenols, which were most effective in releasing latent ATPase activ- 
ity from intact mitochondria such as tribromo- and trichlorophenol, were 
the weakest inhibitors of ATPase of sonically treated mitochondria. The 


3 Sodium ethylenediaminetetraacetate. 
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and 2-chloro-4-nitrophenol resembles dinitrophenol in that it stimulated both 


wer types of ATPase activity. The dual effect of PCP was most evident at 
pint 


























The Tase III 
ium Influence of Substituted Phenols on Two Types of ATPase Activity 
vitz Each tube contained the reaction mixture detailed in Fig. 1, plus other compo- 
-her nents as indicated. 0.2 ml. (0.31 mg. of N) of undamaged mitochondria served as 
0n- enzyme source for the elicitation experiments and 0.2 ml. (0.056 mg. of N) of super- 
‘ natant fluid from sonically disrupted mitochondria for the inhibition studies. In- 
s of cubated for 10 minutes at 25°. 
| AP, uM 
Phenol Final concentration i Inhibition of 
sie | Ae a, 
mitochondria) mitochondria) 
M 
BME otc wiaaie-oeaa bets ba 2c 0 1.72 
Pentachloro-................ 5 X 10-4 0.48 0.60 
ee 5 X 10-4 0.30 0.34 
2,4,6-Tribromo-............ 5 X 10-4 1.83 1.52 
2,4,6-Trichloro-............. 5 X 10-4 2.37 1.46 
2-Chloro-4-nitro-............ 5 X 10-4 3.33 2.00 
POREAERINTOM. 66. oc cece sen 1 X 10-4 2.07 0.96 
Pentanreme-. .... 5. ..00ccees 1 X 10-4 1.05 0.70 
aves: 9,4,0-Tiliéde-............... 1X 10-4 2.31 1.67 
mito- 
make 
| H.0 TasBLe IV 
sctro- 


Inhibitory Effect of PCP upon DNP Elicitation of ATPase 
The conditions of the experiment were the same as those given in Fig. 1, except 


for the additions as noted. 0.2 ml. (0.34 mg. of N) of freshly prepared mitochondria 
d re- served as enzyme source. Incubated for 10 minutes at 25°. 














sions oe 
sapo- Incubation system SP, uu 
drial a 
NS Be satis dt bid a sneha oeimnueeatel abkeks | —0.15 
NE cc OMe. ds, cocscbcirebscan cc costa EE SA Bi pairs’ | +2.56 
mito- es Sie ae ees ee ceaeten ae NE ae? +0.61 
T 5 —4 
ioe st P,5 X 10-§ + PCP, 5 " ” Nex 6% te oP yntote Ne oe +0.54 
halo- 


‘Pase. | the lower concentration range. At 1X 10-‘m, PCP caused a clear release 

activ- | of ATPase from intact mitochondria and still exerted a pronounced inhibi- 

, were | tion of the dephosphorylating activity of the supernatant fluid from son- 
The | ically disrupted mitochondria (Table III). 

PCP strongly inhibited the ATPase activity evoked by DNP. As shown 
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by the experiments summarized in Table IV, the addition of 5 X 10-' m 
DNP to fresh mitochondria produced the usual marked ATPase activity, 
while 5 X 10-*m PCP caused only a slight ATPase effect (cf. Fig.1). How- 
ever, when both compounds were added to the same reaction vessel, there 
was no summation of the two separate activities, but on the contrary a 
marked depression of the phosphate release from ATP occurred. It is 
probable that high concentrations of PCP inhibit the same ATPase enzyme 
or enzymes that low concentrations evoke. This is seen indirectly by the 
data of Table IV. 

In order to examine the inhibitory effect of PCP upon a more specific 
mitochondrial ATPase, the enzyme described by Kielley and Kielley (6) 


TaBLE V 
PCP Inhibition of Specific ATPase from Disintegrated Mitochondria 
Each tube contained 0.04 m glycylglycine buffer, pH 7.4, 0.005 m MgCl, 0.004 u 
ATP, 0.2 ml. (0.04 mg. of N) of disintegrated mitochondria (6) plus substituted 
phenols as indicated, and sufficient 0.25 m sucrose to make a total volume of 1.0 ml. 
Incubation period, 15 minutes; temperature, 25°. 











AP, uu 
Concentration of substituted phenol 
PCP DNP 
M 

0 3.50 3.50 
5 X 10-5 3.30 3.66 
5 X 10-4 2.08 3.80 
5 X 10°° 0.17 3.50 











was prepared from disintegrated mitochondria. PCP in the higher con- 
centrations exerted a strong inhibitory effect upon this enzyme also (Table 
V), while DNP had no significant effect. In view of the Mgt* activation 
of this enzyme and the possibility that PCP might inhibit by binding this 
metal, the effect of Mg++ on the PCP inhibition was studied. With a 
Mgt concentration of 1 X 10-*m, PCP at 5 X 10-* m caused a 73 per cent 
inhibition. Upon increase of the Mg concentration to 5 X 10-* M, the in- 
hibition was 77 per cent. This indicates that removal of Mgt* by PCP 
seems unlikely. 

Also, the inhibition by PCP appears to be independent of the substrate 
concentration. Experiments with acetone powder extracts revealed that 
the degree of inhibition caused by 5 X 10-* m PCP was not changed when 
the ATP concentration was increased from 0.0015 m to 0.012 m. 

To evaluate the rather remote possibility that pentachlorophenyl phos- 
phate might be an intermediate in the ATPase reaction, this compound was 


driz 


pha 
inhi 
able 
min 
as § 
em] 
the 
pho 
of h 
pho 


oxid 
tion 
mos 
sam 
AT] 
cent 
trat 
this 


nis 
a di 
as ir 


cedut 
Calet 
Na li 





XUM 


E. C. WEINBACH 617 


.M synthesized‘ and found to be inert in either intact or damaged mitochon- 
ity, drial systems.® 
W- Effect on Other Phosphatases—A few experiments performed with phos- 
ere phatases from other tissues indicated that PCP is not a general phosphatase 
ya inhibitor. Thus, in concentrations up to 5 X 10-* m, PCP had no appreci- 
t is able effect on human or rabbit alkaline serum phosphatases when deter- 
rme mined by either the modified Bodansky method (15) with glycerophosphate 
the as substrate or a procedure (16) in which p-nitrophenyl phosphate was 
employed as substrate. Furthermore, PCP at 5 X 10-‘ m did not suppress 
cific the acid phosphatase of rat liver homogenate as estimated by the glycero- 
(6) phosphate method (15). Similarly, 5 X 10 m PCP did not alter the rate 
of hydrolysis of ATP or p-nitrophenyl phosphate in the presence of potato 
phosphatase® at pH 5.0. 
While the concentrations of PCP which are most effective in uncoupling 
04 M oxidative phosphorylation are less than those required for maximal inhibi- 


uted tion of ATPase, there is some overlapping. Thus, PCP at 1 X 10m al- 
de most completely suppressed oxidative phosphorylation (4), while in the 
——  ]} same concentration the compound effected a 44 per cent inhibition of 
ATPase from damaged mitochondria (Table III). At this same con- 
~) centration, ATPase was released from intact mitochondria, which illus- 
__. | trates the dual effect of PCP upon mitochondrial enzymes. In view of 
this dual effect, it seems unlikely that the uncoupling action of PCP is to 
be attributed solely to enhancement of ATP breakdown. Other mecha- 
nisms which involve mitochondrial structural changes (Fig. 3), as well as 
a direct effect on phosphate-transferring enzymes (possibly reflected here 
—— | as inhibition of ATPase), seem more probable. 
con- SUMMARY 
able Pentachlorophenol, in contrast to dinitrophenol, exerted a dual effect 
ation | upon mitochondrial ATPase. In low concentrations (5 X 10-5 m), PCP 
3 this | ¢licited ATPase activity from freshly prepared, undamaged rat liver mito- 
ith @ | chondria and enhanced the hydrolysis of ATP by soluble preparations. In 
r cent higher concentrations (5 X 10-* m), PCP inhibited the ATPase activity of 
he in- | damaged mitochondria as well as the activity of the soluble preparations. 
PCP The mechanism of the inhibition is not attributable to chelation of Mgt; 
strate ‘By the phosphorylation of PCP with POCI; essentially according to the pro- 


cedure used by Bessey and Love (14) for the synthesis of p-nitrophenyl phosphate. 
| that Calculated for CeCls;0,PNa2-2H20, C 16.90, H 0.94, Na 10.79; found, C 16.89, H 1.00, 
Na 10.82. The theoretical amount of phosphate was liberated after refluxing with 
1.0 n HCl for 1.5 hours. 
phos- 5 Compare the statement of Lardy and Wellman (3) concerning the stability of 
d was dinitrophenyl phosphate. 
* We are indebted to Dr. G. Ashwell for a gift of this enzyme. 


when 
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nor did it appear to be related to a non-specific inactivation of enzyme pro- 


te 


in, since the reversibility of the ATPase inhibition could be demonstrated. 


Furthermore, other phosphatases are not inhibited by PCP. 
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HEPATIC INTERVENTION IN THE BINDING OF ESTROGEN 
TO RAT SERUM ALBUMIN IN VITRO* 
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Previous studies from these laboratories have demonstrated the presence 
of estrogenic lipoprotein complexes in the circulation of several species (cf. 
Szego and Roberts (1)). An enzymatic mechanism capable of promoting 
the binding of C"*-labeled estrone (2) or estradiol,! or their metabolites, to 
337 rat serum proteins in vitro was demonstrated in surviving rat liver tissue. 
Estrogen-serum protein binding capacity was correlated with the functional 

state of the liver (2, 3) and was absent in all the other tissues studied (2). 
oe In the present investigations, paper electrophoresis and cold ethanol frac- 
tionation have been employed in an attempt to characterize the serum 
proteins which participate in the binding process in vitro. Under these 
circumstances, estrogen-serum protein binding in the presence of surviving 
rat liver tissue occurred selectively with albumin (4, 5). In addition, this 
association was inhibited or abolished by increasing concentrations of added 
cortisol (6). 


ino- 


hem- 


Methods 


The incubation techniques were similar to those described earlier (2). 
Each incubation vessel contained 2 ml. of freshly obtained rat serum in 
which were present 17.5 y of estrone-16-C™, equivalent to 36,300 c.p.m. 
determined on an automatic gas flow planchet sample changer. To some 
of the vessels were added 250 mg. of rat liver or splenic tissue prepared by 
free-hand mincing. The vessels were incubated at 37.5° in a Dubnoff met- 
abolic incubator for 2 hours, except when otherwise noted, under a constant 
stream of 95 per cent O2-5 per cent COs. Where indicated, unlabeled 
cortisol* as the free alcohol was added in a total volume of 0.05 ml. of 


* Aided by grants from the National Cancer Institute of the National Institutes of 
Health, United States Public Health Service (No. C-1488 and No. C-1408), and by 
Cancer Research Funds of the University of California. 

1Szego, C. M., unpublished experiments. 

2 The isotopic estrogens were obtained from Charles E. Frosst and Company, Mont- 
teal, Canada. 

’The generous contribution of cortisol by Dr. Richard H. Barnes of Sharp and 
Dohme, Division of Merck and Company, Inc., and Dr. Elmer Alpert of Merck and 
Company, Inc., is gratefully acknowledged. 
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propylene glycol. Controls for the cortisol experiments contained the 
equivalent volume of propylene glycol. 

After incubation, the vessel contents were rapidly centrifuged in the 
cold, and 20 ul. samples were subjected to paper electrophoresis by either 
the horizontal open strip method‘ or by the hanging strip procedure of 
Durrum (7). Specific electrophoretic conditions for individual experiments 
are given in the legends of Figs. 1 to 6. The dried strips were analyzed 
for radioactivity at 0.5 cm. increments in an automatic gas flow strip 
counter. Reference standards of pure estrone-16-C' evaporated from an 
alcoholic solution on paper strips, or added to serum in the usual fashion 
and placed on the paper, gave values for radioactivity in the strip counter 
approximating 50 per cent of that observed when aliquots of the same solu- 
tions were placed on planchets and counted in the automatic planchet 
changer. Absorption of radioactivity by the paper and a lower sensitivity 
of the strip counter were found to be responsible for this decrease. The 
values obtained on the strip counter and corrected for background were 
therefore multiplied by 2 so that the radioactivity plotted on the figures 
could be compared directly with the original counts present in the 20 ul. 
sample of incubation medium placed on the experimental strips. It may 
be calculated that the latter value was 363 c.p.m. Inspection of Figs. 1 
to 3, in which all of the counts present on the complete strip are plotted, 
reveals that the total radioactivity recovered averaged about 200 c.p.m. 
when the values at 0.5 em. increments were added. The major portion of 
the missing radioactivity was due to absorption by protein (about 15 per 
cent of total radioactivity added) and loss to the buffer wetting the paper 
during electrophoresis (about 15 per cent), as judged by control experi- 
ments with known amounts of isotopic steroid. Correction for these losses 
was not made during calculation of the data on radioactivity, since there 
was no way of determining the exact adjustment to be applied in each in- 
stance. 

After counting, the strips were stained with bromophenol blue (7) and 
mounted beneath the curves representing distribution of radioactivity. 


RESULTS AND DISCUSSION 


The results obtained are depicted in Figs. 1 to 6, in which the curves 
represent radioactivity in counts per minute present in successive 0.5 em. 
portions of the paper strips. The electrophoretic origin is indicated by 
zero on the abscissa. 


‘The authors are indebted to Dr. Harold A. Levey, Department of Physiological 
Chemistry, University of California, Los Angeles, for permission to cite his unpub- 
lished modifications of the horizontal open strip technique of paper electrophoresis 
utilized in some of the present studies. 
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Fig. | demonstrates the findings in the incubated serum control contain- 
ing no tissue, subjected to the horizontal open strip method of electro- 
phoresis. It will be observed that a single peak of radioactivity occurred 
on the strip, probably representing unchanged steroid. Its migration, just 
behind the slowest proteins, appeared to be due to the phenomenon of 
hydrodynamic displacement to which this method of electrophoresis is sub- 
ject (cf. Durrum (7)), rather than to inherent mobility under these condi- 
tions. This suggestion was supported by dextran control experiments, as 




















° cm.——> 


Fic. 1. Absence of protein-bound radioactivity after incubation of estrone-16-C™ 
in the presence of serum alone. See the text for the conditions of incubation and iso- 
topic analysis. The horizontal open strip method of paper electrophoresis was used 
with Whatman No. 1 paper strips, 1} inches wide. Electrophoresis was carried out 
in Veronal buffer, pH 8.6, 1 = 0.1, at a constant current of 1 ma. per em. for 19 hours. 


well as by failure of the peak of radioactivity to migrate beyond the elec- 
trophoretic origin in the Durrum hanging strip method applied to similar 
serum control samples (see below). 

Fig. 2 reveals that a significant proportion of the total radioactivity mi- 
grated in the albumin area of the serum proteins when incubation was 
carried out in the presence of surviving rat liver tissue. It may be noted 
further that the location of residual (unbound) radioactivity coincided with 
that observed in the serum control (Fig. 1); 7.e., behind the y-globulin. 

Fig. 3 represents the results of a parallel experiment carried out with 
spleen, which, in common with kidney and uterus, had proved inactive in 
promoting the binding to the serum proteins of radioactivity derived from 
estrone-16-C in earlier studies (2). It will be observed that the results 
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are indistinguishable from those obtained with the serum control, and that 
no isotope was associated with any of the protein areas. Thus, these data 
fully confirm the specificity of a liver system capable of effecting estrogen- 
protein association in vitro. 

Fig. 4 demonstrates the influence of incubation time on steroid-protein 
association in the presence of surviving liver tissue. In this and in Figs. 
5 and 6, the electrophoretic patterns were obtained by the Durrum hang- 
ing strip procedure (7). It will be observed (Fig. 4, left side) that the 
peak of radioactivity in the protein areas coincided with albumin, as in 
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Fig. 2. The occurrence of albumin-bound radioactivity after incubation of estrone- 
16-C™ in the presence of surviving rat liver in a homologous serum medium. Experi- 
mental conditions as in the text and in Fig. 1. 


the horizontal open strip method (Fig. 2). However, in the Durrum pro- 
cedure, a large proportion of the residual (unbound) radioactivity remained 
at or near the electrophoretic origin. As the time of incubation was pro- 
longed, the association of radioactivity with the albumin area increased 
and was virtually complete in 6 hours, with practically no activity retained 
at or near the origin. These observations were highly reproducible, oc- 
curred also when estradiol-16-C™ was substituted for isotopic estrone, and 
were confirmatory of the results obtained with the acetone precipitation 
techniques described earlier (2). 

The following experiment was performed to determine whether the radio- 
active material associated with the albumin area on the paper strips re- 
tained estrogenicity. Estradiol-16-C™ was incubated for 2 or 6 hours in 
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rat serum in the presence of surviving rat liver tissue. Thereafter, five 20 
ul. aliquots of each of the resultant serum media were subjected to the 
horizontal strip method of electrophoresis under conditions similar to those 
noted in Figs. 1 to 3. To achieve a resolution of albumin and a;-globulin 
better than that obtained in the latter experiments, the buffer employed 
was similar to that described in the legend to Fig. 4, but was of » = 0.08 
rather than 0.10. Immediately after electrophoresis, a single strip from 
each of the two time series was rapidly dried and stained for localization 
of protein distribution. During the time required for this procedure, the 
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Fic. 3. Absence of protein-bound radioactivity after incubation of estrone-16-C™ 
in the presence of surviving rat spleen in a homologous serum medium. Experimental 
conditions as in the text and in Fig. 1. 


remaining four strips in each group were rapidly frozen between sheets of 
aluminum foil on a slab of dry ice to minimize alteration of the protein 
patterns. The albumin areas of these strips were located with dividers 
after the migration distance from the origin and the width of the band had 
been determined from the reference strip. The albumin regions and cer- 
tain other control areas similarly located were then cut from the frozen 
strips, further subdivided into small squares, and eluted by overnight shak- 
ing in the cold in the presence of distilled H.O adjusted to pH 9.5. The 
location of the protein bands was subsequently confirmed by staining those 
portions of the electrophoretic strips not subjected to the elution process. 
After adjustment of pH to 4.6 with acetate buffer, the eluates were hy- 
drolyzed (ef. Szego and Wolcott (8)) by incubation for 24 hours with beef 
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liver 8-glucuronidase (Warner-Chilcott), neutralized, and assayed in im- 
mature rats by a modified Astwood procedure (cf. Szego and Roberts (1)). 
The semiquantitative results obtained revealed that approximately 40 per 
cent of the estrogenic activity originally placed on each 2 hour strip (0.18 +) 
could be eluted from the areas analyzed. This was equally divided be- 
tween the albumin area and the region corresponding to unbound radio- 
activity. Negligible estrogenic activity occurred in the a-globulin region. 
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Fia. 4. The influence of time of incubation on liver-catalyzed binding to albumin 
of radioactivity derived from estrone-16-C™. See the text for the conditions of incu- 
bation and isotopic analysis. The Durrum hanging strip technique of paper electro- 
phoresis was used with Whatman No. 1 paper strips, 1} inches wide. Electrophoresis 
was carried out in barbiturate buffer (Veronal, 0.05 m; sodium acetate, 0.0375 M; so- 
dium chloride, 0.0125 mM; 4 = 0.1; pH adjusted to 8.6) at a constant current of 0.5 ma. 
per cm. for 15 hours. 


On each 6 hour strip approximately 25 per cent of the estrogenic activity 
originally added could be eluted from the albumin area. These data indi- 
cate that a significant portion of the steroid bound to serum albumin in 
the presence of rat liver tissue in vitro retained estrogenic activity. In 
contrast, metabolites of estrogen bound to liver proteins in vitro appear to 
be devoid of biological activity (cf. Szego and Roberts (3, 5) and Riegel 
and Mueller (9)). 

The specific localization of isotopic estrogen or its metabolites in serum 
albumin under the present experimental conditions has been substantiated 
by an independent method. The serum medium was pooled from five ves- 
sels in which estrone-16-C™ had been incubated for 6 hours with surviving 
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liver tissue. This medium was subjected to cold ethanol fractionation by 
a modification® of the method of Ulrich, Li, and Tarver (10). The fractions 
obtained were lyophilized without prior dialysis to avoid loss of the steroid 
which is dialyzable under these conditions (11). 6 per cent solutions of 
the dried protein fractions were then made up in distilled water, and 20 
ul. samples were subjected to paper electrophoresis by the Durrum tech- 
nique. The results are shown in Fig. 5. It will be noted that radioactiv- 
ity persisted in the albumin throughout the fractionation procedures. In- 
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Fic. 5. The persistence of albumin-bound radioactivity through cold ethanol frae- 
tionation. See the text for details. The left-hand section of the chart represents 
Fraction V (albumin contaminated with about 10 per cent 8-globulin); the middle 
section, Fraction II (principally 6- and y-globulins) ; the right-hand section, Fraction 
IV (a,-globulin with a trace of denatured material at electrophoretic origin). Elee- 
trophoretic conditions as in Fig. 4. 


significant amounts of radioactivity were associated with other principal or 
contaminating components of the several fractions. Whether or not en- 
dogenous estrogen is present in rat serum bound to albumin is unknown. 
It will be recalled that endogenous circulating estrogen in pooled human 
plasma occurred almost exclusively in the crude 8;-lipoprotein fraction as 
originally prepared by Cohn et al. (ef. Roberts and Szego (12)). It should 
be noted, however, that in animals other than man albumin may assume 
a lipide-transporting réle in the absence of those 6-lipoproteins peculiar to 
human plasma (ef. (13), and Morris and Courtice (14)). 

The methods utilized in the present study have also proved applicable 


® Roberts, S., and Kelley, M. B., unpublished observations. 
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to the examination of steroid interactions in the binding phenomenon. 1 all. 
Earlier investigations from these laboratories (cf. Szego and Roberts (1)) | (cf. 
had revealed profound estrogen-antagonizing effects of the ll-oxy, 17-hy- | § 
droxyadrenocortical steroids, as evidenced by inhibition by the latter of — ] strs 
gross and metabolic signs of estrogen-induced uterine growth in adult cas- tior 
trated rats. The suggestion was advanced that this phenomenon might =| rat 
be due to competition by the two classes of steroid for binding to proteins pap 
which function in steroid transport or in mediation of hormonal effects. and 
ster 
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Fic. 6. The suppressing influence of cortisol (Compound F) on the liver-catalyzed B 
binding to albumin of radioactivity derived from estrone-16-C'. See the text for has 
experimental conditions. Electrophoresis was carried out by the Durrum hanging of e 
strip technique on Whatman No. 3 MM paper strips, 3 em. wide, at a constant current ogor 
of 1 ma. per em. for 54 hours. Buffer as in Fig. 4. Wh 
This suggestion appears to gain support from the data in Fig. 6, which o 
depicts the influence of increasing levels of unlabeled cortisol (Compound ae 
F) upon the liver-catalyzed association of isotopic estrone with rat serum a 
albumin. It will be observed that 625 y of cortisol significantly inhibited live 
the degree of estroprotein formation seen in the control aad that doubling expl 
the cortisol level virtually abolished the process. Similar data have been Saal 
obtained with combinations of estradiol and 11-deoxycorticosterone. The - 
large amount of cortisol required to prevent estrogen-protein binding in 
vitro (625 y versus 17.5 ) is in line with the in vivo observations (1) and 1 ¢ 
suggests that the relative affinities of the two classes of compounds for 2 § 
serum protein are vastly in favor of the estrogens. The latter appear by 3. & 
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all criteria to be the most firmly bound of all the steroids thus far examined 


(cf. Roberts and Szego (5)). 


Shortly after a brief. description of the present studies appeared in ab- 
stract form (4), Westphal and coworkers reported physicochemical observa- 
tions (15) on the binding of progesterone-4-C™ in the absence of tissue to 
rat and human serum albumin in vitro, as judged by essentially similar 


] paper electrophoretic and radioisotopic analyses of human and rat sera 


and of 4 per cent human serum albumin solutions containing the isotopic 
steroid. Cortisol-4-C did not appear to be bound when judged by these 
criteria (15), but subsequent ultracentrifugal and free electrophoresis stud- 
ies by Westphal (16) indicated that the major portion of this steroid asso- 
ciated rather weakly with human serum albumin in vitro. The specificity 
of the association, which occurred without hepatic intervention, was not 
established by extension of the study to other proteins. 

The physiological significance of the binding in vitro of steroid hormones 
to serum albumin is unknown. It has been postulated, however, that the 
transport of these hormones in the body is dependent upon their associa- 
tion with serum protein (1). In the case of estrogen, at least, the liver 
appears to be essential for the binding process in vitro and for biological 
activity in vivo (17). 


Miss Dorothy C. Wolcott, Mrs. M. B. Kelley, and Mr. Edwin M. Weller 
contributed valuable technical assistance. 


SUMMARY 


By paper electrophoresis and cold ethanol fractionation techniques, it 
has been demonstrated that surviving rat liver tissue catalyzes the binding 
of estrone-16-C" and estradiol-16-C™ specifically to the albumin of a homol- 
ogous serum medium. The bound steroid retained estrogenic activity. 
When serum containing estrone-16-C' was incubated alone or in the pres- 
ence of splenic tissue, binding did not occur. The enzymatically catalyzed 
association of estrone or its metabolites with albumin was inhibited or 
abolished by increasing concentrations of added cortisol. These findings 
substantiate earlier data from these laboratories on the specificity of the 
liver in effecting estrogen-serum protein association in vitro and offer an 
explanation for the competitive phenomena exhibited by the estrogens and 
certain corticosteroids in vivo. 
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STRUCTURAL STUDIES ON THE NUCLEIC ACIDS OF 
SOME STRAINS OF TOBACCO MOSAIC VIRUS 


I. THE RESIDUAL MATERIAL AFTER RIBONUCLEASE DIGESTION* 


By K. K. REDDI anp C. A. KNIGHT 


(From the Virus Laboratory, University of California, Berkeley, California) 
(Received for publication, November 28, 1955) 


It seems probable that the different disease symptoms caused by strains 
of tobacco mosaic virus (TMV) are reflected in chemical differences in the 
viral strains themselves. The search for such differences has led to the 
analysis of the nucleic acids and protein components of many strains. In 
some cases, but not in all, differences in protein composition were demon- 
strable (1). In no instances have unequivocal differences in composition 
of the nucleic acids been shown (2, 3), although there was orig nally some 
suggestion of this (4). From a consideration of all the analytical work, 
it has been concluded that the really critical differences among strains may 
be in structural features yet to be determined (1, 5). 

Since ribonuclease appears to be a highly specific phosphodiesterase (6-8) 
which will hydrolyze only secondary phosphate esters of pyrimidine ribonu- 
cleoside 3’-phosphates, it seemed possible that this enzyme might be useful 
in probing the structural differences in viral nucleic acids. As a beginning, 
the composition was determined of the residual (trichloroacetic acid-pre- 
cipitable) material after ribonuclease digestion of the nucleic acids of each 
of five strains of TMV. The ribonuclease-resistant residues were found to 
be virtually identical in composition. 


Materials and Methods 


Nucleic acids were isolated from the purified preparations of each virus 
according to the method of Cohen and Stanley (9) as modified by Knight 
(2). 

The ribonuclease used in these studies was a crystalline preparation ob- 
tained from the Worthington Biochemical Corporation, Freehold, New 
Jersey. 

Rate of Degradation of TMV Nucleic Acid with Ribonuclease—In order 
to determine suitable conditions for treating the nucleic acids of different 

* This investigation was supported in part by a research grant, No. RG-4559, 
from the National Institutes of Health, United States Public Health Service, and 


by grants from the Lederle Laboratories Division, American Cyanamid Company, 
and the Rockefeller Foundation. 
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strains with ribonuclease, a preliminary experiment was made with TMV 
nucleic acid. 

100 mg. of nucleic acid were dissolved in 2 ml. of 0.1 m borate solution 
at pH 7.6. There was a drop in the pH when all the nucleic acid went 
into solution. The pH was readjusted to 7.6 with careful addition of ice- 
cold n NaOH, and the final volume was made up to 5 ml. with pH 7.6 bo- 
rate. To this were added with mixing 150 y of ribonuclease dissolved in 
0.1 m borate at pH 7.6, and the mixture was held at room temperature (23°). 
At various intervals of time (Table I), 1 ml. aliquots were pipetted into 
0.14 ml. of 50 per cent trichloroacetic acid (TCA), mixed well, held at 0° 
for 1 hour, and centrifuged in the cold. The residue was washed twice 
with 6 per cent TCA, once with 95 per cent alcohol, once with absolute al- 


TasBLe I 
Precipitability of TMV Nucleic Acid by 6 Per Cent TCA at Various Times during 
Treatment with Ribonuclease at pH 7.6 and 28° and Molar Proportions of Bases* 
in TCA-Precipitable Material 








Time Precipitated Guanine Adenine Cytosine Uracil wats 
hrs. per cent 
0 100 1.00 1.03 0.66 1.04 1.19 
6 22 1.00 1.17 0.24 * 0.33 3.80 
12 21 1.00 1.21 0.22 0.30 4.25 
24 17 1.00 1.19 0.20 0.27 4.60 
33 14 1.00 1.21 0.17 0.25 5.26 























* Guanine is taken arbitrarily as 1.00. 


cohol, and finally dried in vacuo over P20; at 56.5°. The phosphorus con- 
tent of each residue was determined according to the method of King (10), 
and from this the weight of residue by use of a factor based on the phos- 
phorus content of the original nucleic acid. The results are shown in Table 
I, together with the molar proportions of the purine and pyrimidine bases 
which were determined with Wyatt’s procedure (11). 

From this preliminary experiment a digestion time of 36 hours was chosen 
for the reaction of the nucleic acids of different strains with ribonuclease. 

Degradation of Nucleic Acids of Different Strains with Ribonuclease—30 
mg. of the nucleic acids of five strains of TMV (2, 12, 13) were dissolved 
in borate at pH 7.6, as described above. The final pH and the volume of 
the solutions were 7.6 and 1.5 ml., respectively. To each were added with 
mixing 45 ¥ of ribonuclease dissolved in 0.1 ml. of 0.1 m borate at pH 7.6, 
and the mixtures were incubated at room temperature (23°). At the end 
of 36 hours, 1 ml. was pipetted into 0.14 ml. of 50 per cent TCA. The 
TCA-precipitable residues were washed and dried, and the purine and py- 
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rimidine compositions of the dry residues were determined as described 
above. The results are presented in Table IT. 

Sedimentation Behavior of Ribonuclease-Resistant Residue of TMV Nu- 
cleic Acid—One preparation of ribonuclease-resistant residue was prepared 
by treating TMV nucleic acid with ribonuclease for 36 hours as previously 
described. The residue, in the form of the TCA precipitate, was washed 
several times with alcohol and then with ether and finally dried in vacuo at 
room temperature. This material was dissolved in 0.18 m sodium chloride 
at a concentration of about 46 y per ml., and its sedimentation behavior 
was kindly examined by Dr. H. K. Schachman, who employed a synthetic 
boundary cell and ultraviolet optics. The sedimentation constant of the 
material was about 0.9 S. 


TaBLeE II 


Molar Proportions of Bases* in Material Precipitable from Nucleic Acids by 6 Per 
Cent TCA after Ribonuclease Digestion for 36 Hours at 23° and at pH 7.6 




















Strain Guanine Adenine Cytosine Uracil eerie 
TMV 1.00 1.20 0.17 0.28 4.89 
YA 1.00 1.16 0.17 0.28 4.81 
HR 1.00 1.14 0.17 0.27 4.86 
M 1.00 1.16 0.17 0.27 4.91 
J14D1 1.00 1.20 0.17 0.28 4.89 








* Guanine is taken arbitrarily as 1.00. 


RESULTS AND DISCUSSION 


Ribonuclease caused a considerable reduction in the TCA-precipitable 
portion of TMV nucleic acid within 6 hours, after which the reaction leveled 
off (Table I). After 33 hours of reaction, the amount of residue precipitable 
by 6 per cent TCA was 14.0 per cent of the original nucleic acid. The 
residue was rich in purines and poor in pyrimidines. The content of ade- 
nine was higher than that of any of the other bases (Table I). This is in 
contrast to the ribonuclease-resistant residues of ribonucleic acids of pig 
liver and yeast which were found to be rich in guanine (15). However, as 
might be expected, the compositions of the residues are in all cases con- 
sistent with the compositions of the intact nucleic acids, for the yeast and 
pig liver nucleic acids contain more guanine than adenine, whereas this is 
not true for TMV. 

The compositions of ribonuclease-resistant residues obtained after hy- 


Lad 


1 This is less residue or ‘‘core’’ than reported by Holden and Pirie (14) for their 
TMV nucleic acid, but our reaction conditions were somewhat different from theirs 
and this probably accounts for the difference in results. 
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drolysis of the nucleic acids of five strains of TMV with ribonuclease for 
36 hours were essentially the same (Table II). These results indicate some 
structural similarity in the nucleic acids of different strains, for it is diffi- 
cult to explain the present results unless one assumes that the nucleic acids 
of different strains possess certain oligonucleotide segments of identical 
composition, and that the pyrimidine units are uniformly spaced therein. 
Within these oligonucleotide segments, the purines could, of course, be ar- 
ranged in a variety of different sequences. The evaluation of this possibil- 
ity awaits the application of suitable stepwise degradation methods. 

It would be interesting to know more about the size and nature of the 
ribonuclease-resistant, TCA-insoluble residues of the virus nucleic acids. 
From the composition of these residues and the specificity of ribonuclease, 
it could be suggested that they average six nucleotides in length. The 
sedimentation constant which was obtained with the TMV material is con- 
sistent with this size. A similar figure was suggested by Volkin and Cohn 
(15) for certain oligonucleotides remaining after ribonuclease digestion of 
yeast and rat liver ribonucleic acids. Their oligonucleotides were charac- 
terized by low solubility at pH 2 and strong attachment to Dowex resins, 
whereas ours are defined by their precipitability with 6 per cent 
TCA. Markham and Smith (8) report a somewhat smaller average size 
for the ribonuclease-resistant portions of yeast and turnip-yellow mosaic 
virus nucleic acids, but they defined their resistant fraction on still another 
basis; namely, as the portion of the digest which failed to pass through a 
dialysis membrane under certain conditions. This fraction might well 
differ from that precipitable by 6 per cent TCA.? 


SUMMARY 


The nucleic acids obtained from five strains of tobacco mosaic virus were 
digested with ribonuclease at 23° for 36 hours at pH 7.6. The ribonu- 
clease-resistant residues which were precipitable by 6 per cent trichloro- 
acetic acid were analyzed for their content of purine and pyrimidine bases. 
Within the limits of the method of analysis used, the ribonuclease-resistant 
residues of all five strains appeared to have the same composition. The 
residues were rich in purine and poor in pyrimidine and averaged about six 
nucleotides in composition. 
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2 Another difference between the Markham and Smith experiments and ours is 
the use of a higher temperature for digestion (55°). Incubation of our TMV nucleic 
acid in 0.1 m borate at pH 7.6 and at 55°, without ribonuclease, left 4.2, 5.5, and 119 
per cent of the nucleic acid non-precipitable with 6 per cent TCA after 12, 18, and 
36 hours, respectively. This unexpected result is being further investigated. 
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A SENSITIVE METHOD FOR THE DETERMINATION OF 
RIBONUCLEIC ACID IN TISSUES 
AND MICROORGANISMS 


By JUNIUS M. WEBB 


(From the Laboratory of Infectious Diseases, National Microbiological Institute, 
National Institutes of Health, United States Department of Health, Education, 
and Welfare, Bethesda, Maryland) 


(Received for publication, December 12, 1955) 


The increasing interest in the composition of nucleoproteins has em- 
phasized the need for more specific methods of assay of constituent nucleic 
acids. In a previous paper (1) a method was reported for the assay of 
deoxyribonucleic acid (DNA) in tissues and microorganisms based on the 
reaction of p-nitrophenylhydrazine with deoxyribose following hydrolysis 
of the biological material with 5 per cent trichloroacetic acid (TCA). The 
present paper reports a method for ribonucleic acid (RNA) assay with an 
aliquot of the same TCA hydrolysate. 

The most commonly employed method for RNA assay is that of Mej- 
baum (2), in which orcinol is used to develop a blue-green color with fur- 
fural formed from ribose when the latter is heated with prescribed amounts 
of FeCl;-HCl solution. The results must be corrected for DNA inter- 
ference (3, 4). In a similar method developed by von Euler and Hahn 
(4) phloroglucinol is employed. DNA does not interfere, but the method 
is less sensitive than the orcinol procedure. In a third method, used by 
Davidson and Waymouth (5), the furfural formed from ribose is extracted 
with xylene and the xylene extract is allowed to react with aniline acetate 
to form a pink color. Although DNA does not interfere, the method is 
complicated by the necessity of removing HCl prior to color formation and 
the photosensitivity of the color (6). However, the extraction procedure 
offers certain advantages, namely (1) concentration of the furfural formed 
and (2) elimination or minimization of interfering substances. 

In an effort to combine these advantages with a more efficient chromo- 
genic reagent, a method has been developed in which p-bromophenyl- 
hydrazine (PBPH) reacts quantitatively in acidified xylene-alcohol solu- 
tion with furfural formed from the liberated ribose of RNA. As seen be- 
low, the specific extinction coefficient of the colored product formed with 
the proposed reagent is about 1} times that of the colored product result- 
ing from the Mejbaum orcinol procedure when optical densities are taken 
at their respective wave-lengths of maximal absorption. The color is 
stable and reproducible. Experiments performed with several carbohy- 
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drates show that the proposed method is as specific or more so than the or- 
cinol procedure. The presence of DNA does not interfere with the test. 


EXPERIMENTAL 


Reagents— 

1. Trichloroacetic acid, Merck reagent. 

2. Xylene, Mallinckrodt, c.p. Some brands of xylene gave a slightly 
higher blank which was not improved by using the redistilled solvent. A 
Caulfield Pipettor (Caulfield Safety Devices, Havertown, Pennsylvania) 
was used for most pipetting operations. 

3. NaCl crystals, Bakers’, c.p. 

4. Ethyl alcohol-HCl solution. 2 ml. of HCl, c.p. (87 per cent), were 
added to 100 ml. of 95 per cent ethyl alcohol. 

5. p-Bromophenylhydrazine hydrochloride, Eastman Kodak Company, 
Rochester, New York. A 2.5 per cent solution of the hydrochloride in 
ethyl alcohol-HCl solution was prepared fresh daily. It was found ex- 
pedient to decolorize the solution with charcoal (Norit A, Fisher Scientific 
Company, New York). About 1 gm. of charcoal per 30 ml. of volume was 
adequate. 

6. Ribonucleic acid, Nutritional Biochemicals Corporation, Cleveland, 
Ohio. The material was purified, following the method of Kunitz (7), by 
reprecipitation from glacial acetic acid. Analysis of the RNA showed N 
14.6 per cent, P 9.0 per cent. 

Materials Analyzed for RNA— 

1. Rat tissues. The livers, lungs, and kidneys from young Sprague- 
Dawley rats were removed immediately after sacrificing the animals and 
were frozen at once in dry ice. 

2. Yeast. Bakers’ yeast (Fleischmann), dried in vacuo, was used. 

3. Bacteria. Escherichia coli, from a 17 hour culture and Proteus am- 
moniae, from 17 and 48 hour cultures grown at 37° on horse meat infusion 
agar, were harvested in 50 ml. of 0.85 per cent saline. The suspensions 
were treated with 1 ml. of 37 per cent formaldehyde and after 15 minutes 
the residues were recovered by centrifugation for 10 minutes at 20,000 x g 
in a Servall SS-1 centrifuge. The residues were washed twice with water, 
recovered by centrifugation, and dried in vacuo. 

The biological materials were prepared for analysis by acid washing with 
cold 10 per cent TCA, defatting with alcohol and ether, and finally convert- 
ing to a dry powder as described (1). For purposes of testing analytical 
procedures, the dry material serves as a convenient source of reproduc- 
ible material from one experiment to another. However, the analyti- 
cal procedure to be described may be applied to known amounts of homog- 
enized tissue or microorganism following the acid-alcohol-ether extractions, 
without conversion to powder. 
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Analytical Procedure 


Hydrolysis—In the manner previously described (1), the material to be 
analyzed was hydrolyzed with 5 per cent TCA for 30 minutes in a boiling 
water bath followed by dilution with an equal volume of 5 per cent TCA. 
Since, in some experiments to follow, it was desired to have sufficient 
aliquots for other assays, 3 ml. of 5 per cent TCA were used for hydrolysis 
after which an additional 3 ml. volume of 5 per cent TCA was added. In 
other experiments, hydrolysis was with 2 ml. of 5 per cent TCA followed by 
an additional 2 ml. volume. 1 ml. of the diluted hydrolysate was equiva- 
lent to 0.75 to 6.0 mg. of the dry powder and to 9 to 200 y of RNA. 

100 ml. of a stock solution of standard hydrolyzed RNA (1 ml. = 1 
mg.) were prepared in a similar manner. RNA standards of lower con- 
centration were prepared by appropriate dilution of this stock solution with 
5 per cent TCA. 

Conversion to Furfural—To 1 ml. of the diluted hydrolysate in a 12 ml. 
centrifuge tube was added 1 ml. of 8 N HCl followed by 1 ml. of xylene and 
enough NaCl crystals to saturate the mixture. 1 ml. of a standard solu- 
tion of hydrolyzed RNA of appropriate concentration (usually 150 y) and 
1 ml. of 5 per cent TCA, constituting the blank, were treated likewise. 
The centrifuge tubes, the mouths of which were covered with sealed ampul 
bulbs, were placed in a boiling water bath for 3 hours. After cooling, 2 
ml. of xylene were added to each tube and the contents were mixed and 
centrifuged. 

Color Development—2 ml. of the xylene layers were transferred to 5 ml. 
volumetric flasks to which were added 2 ml. of the PBPH reagent. After 
mixing the contents, the flasks were stoppered with ground glass stoppers 
and placed in a constant temperature room at 37° for 1 hour. The con- 
tents of the flasks were diluted to volume with ethyl alcohol-HC!I solution, 
mixed, and transferred to matched 3 inch Bausch and Lomb tubes. Opti- 
eal densities of the solutions were measured against the blank by means of 
the Bausch and Lomb Spectronic 20 colorimeter set at 450 mu. 


Standardization and Validity of Method 


Optimal Conditions for Hydrolysis with 5 Per Cent TCA—When the pro- 
posed method was applied to 15 and 30 minute hydrolysates, no difference 
in color intensities of the final solutions was observed. However, in order 
to use the same hydrolysate for both RNA and DNA determinations, the 
30 minute hydrolysis period recommended for DNA (1) was adopted. 

Optimal Conditions for Conversion of Ribose to Furfural—Two variables 
were studied: time of heating in a boiling water bath (1 to 6 hours) and 
concentration of HCl (1 to 8 N), while the amount of hydrolyzed RNA and 
the volume of the final mixture were held constant. A 6 N HCl concen- 
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tration with 3 hours of heating was found to be optimal. Higher concen- 
trations of HCl resulted in appreciable furfural destruction. 

Since Foster (8) has shown that the presence of NaCl in the acid con- 
version medium enhances the production of furfural from pentoses with 
lower acid concentration, the above experiment was repeated by using final 
acid concentrations of from 1 to 6 N and saturating each mixture with NaCl. 
Under these conditions and with 3 hours of heating the results with a 4n 
HCl concentration were about 10 per cent higher than that with a 6 n 
HCl concentration without NaCl. Furthermore, the time of heating was 
not as critical as without NaCl. 

Optimal Conditions for Color Formation—The amount of PBPH reagent 
prescribed was found sufficient for the assay of at least 210 y of standard 
RNA. Doubling the amount of reagent at this concentration gave no 
further increase in color intensity. Color development took place slowly 
at room temperature, and a maximum was attained sooner (60 minutes) 
at 37° in an incubator room (or a slightly shorter time in a constant tem- 
perature bath at this temperature). The color was stable for at least 2 
hours. 

Although HCl was necessary to the reaction and to stabilize the reagent, 
its concentration was not critical. Doubling the concentration gave no 
increase in color intensity nor shortened the period for color development. 
Larger volumes of HCl, however, were insoluble in the xylene-alcohol 
mixture. 

Source of Reactive Ribose—Purified yeast RNA (N 14.9 per cent, P 9.0 
per cent) was analyzed by the proposed method with recrystallized p-ribose 
as a standard. The RNA was found to yield 22.2 per cent ribose, which 
was about 50 per cent of the total theoretical ribose content of RNA as 
calculated from the tetranucleotide formula. Since yeast RNA composi- 
tion has been found to correspond approximately to the tetranucleotide 
formula, and since purine nucleotides hydrolyze easily while pyrimidine 
nucleotides do not, it is likely that the purine nucleotides were the main 
source of reactive ribose. To demonstrate further the probability of this 
assumption, the purity of the RNA can be calculated, based on the theoret- 
ical amount of purine nucleotide ribose (23.4 per cent calculated from the 
tetranucleotide formula). This purity was computed to be 94.9 per cent 
and corresponds well with that calculated from nitrogen analysis (91.4 per 
cent) or from phosphorus analysis (94.7 per cent). 

Standardization of Test—To show that the amount of colored product 
formed with PBPH is directly proportional to the amount of RNA present 
and to determine the reproducibility of the procedure, the method was 
applied to various dilutions of hydrolyzed RNA standard solution. One 
set of such dilutions, along with a reagent blank, was run independently 
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cen- eight times and optical density readings were made against distilled water. 
The resulting direct proportionality is shown in Fig. 1. 














nates The reproducibility. for the eight determinations at each concentration 
vith level may be shown by the relative mean deviations. At concentrations 
final of 9.4, 18.8, 37.5, 75.0, and 150 y the mean deviations, expressed as a per 
aCl. cent of their respective means, were 7.4, 4.0, 3.9, 4.5, and 4.5, respectively. 
4% Spectral Characteristics—Spectral transmittance curves presented in Fig. 
6N 2 show the absorption characteristics of the colored product resulting from 
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P 9.0 Fic. 1. Standardization curve, showing the relationship between optical density 
ib : and amount of RNA, as obtained by the p-bromophenylhydrazine method. The 
' _— amounts of RNA represent the initial amounts of hydrolyzed RNA taken. The final 
vhich aliquots used for color development contained the equivalent of two-thirds of these 
‘A as initial amounts, as described in the assay procedure. Each point represents the 
\posi- mean of eight determinations. The readings were made against distilled water with 
otide matched 3 inch tubes in the Bausch and Lomb Spectronic 20 colorimeter at 450 my. 
idine i ’ ; 
snail the PBPH reaction. For comparison, the curve for the colored product 


f this resulting from the orcinol reaction is also given. These curves represent 
ent solutions of the same concentration of RNA (15 y per ml.) read against 
a te their respective blanks and illustrate the quantitative sensitivity of the 
piers two reactions. The extinction coefficients at their respective maxima (450 
A per mu for the PBPH product and 660 mu for the orcinol product) show the 
absorption of the former to be about 1} times that of the latter. 
odest Relationship between Amounts of Tissue Powder and Amounts of RNA 
venti Found—Fig. 3 illustrates the results of an experiment in which the method 
a es was applied to increasing amounts of liver tissue powder. It will be seen 
One that there is a direct proportionality between optical density readings and 
Jently the amounts of powder used. 
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Fig. 2. Absorption spectra of the products of the p-bromophenylhydrazine reac- pr 
tion and of the orcinol reaction with hydrolyzed RNA. The initial concentration oli 
was such that the final colored solution in each case was equivalent to 15 y of RNA ‘ 
per ml. The curves were taken from the Bausch and Lomb Spectronic 20 colorime- ful 
ter. Essentially the same curves and maxima were obtained with the Beckman 
quartz spectrophotometer (model DU). Matched 3 inch test-tube cells were used, an 
and the solutions were read against their respective blanks. Th 
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Fic. 3. Application of the p-bromophenylhydrazine method to increasing amounts Th 
of liver tissue powder. Each amount of tissue powder represents the initial amounts gar 
of hydrolyzed liver powder per ml. The two determinations at each level were made 
on separate hydrolysates. As in Fig. 1, the final aliquots used for color development oe 
contained the equivalent of two-thirds of the hydrolyzed RNA that was in the weight Sin 
of tissue powder shown. The optical density readings were made as described in 1 
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Recovery of RNA—A given volume of hydrolyzed RNA standard solu- 
tion was added to a given volume of hydrolysate of liver tissue powder so 
that a 1 ml. volume of the mixture was equivalent to 1 mg. of liver tissue 
powder and to a known amount of RNA. Three concentrations of hy- 
drolyzed RNA were used so that the final equivalences of added RNA, 
per ml., were 20, 40, and 80 y. After applying the test procedure, the 
average of duplicate determinations made at each level showed recoveries 
ranging from 98 to 100 per cent. 

Specificity—The compound produced from ribose and RNA, under condi- 
tions of the test, gave the same absorption maxima and spectrophotometric 
curves with PBPH as pure furfural. It should be noted that some carbo- 
hydrates yield this aldehyde with similar acid treatment. However, the 
proposed method, in contrast to the orcinol or phloroglucinol procedures, 
eliminates those other possible interfering substances which do not yield 
furfural and are not extractable by xylene. 

Under conditions of the proposed test, the assay of 1 mg. of deoxyribose 
anilide! gave no color, and from 1 mg. of DNA only a trace was observed. 
This small amount of color presumably came from an impurity, possibly 
RNA itself, inasmuch as present methods of preparation may not com- 
pletely separate the two nucleic acids. 

Galacturonic acid, which gave about the same amount of color as that 
given by the same weight of RNA, was the most serious possible interfer- 
ing substance tested. Among other materials, glycogen and methyl glu- 
coside yielded about one-twentieth, while levulose, dextrose, and saccha- 
rose yielded one-tenth of the color given by the same weight of RNA. 
Though these interfering substances are soluble in one or both extracting 
solvents used in preparing the biological material for analysis, there is no 
assurance of their complete absence. For example, some furfural-yielding 
materials (polysaccharides containing uronic acid groups) are bound to 
proteins in the native state (9). It is conceivable that they would not be 
removed by the cold extractions but would be released, at least in part, by 
heating with 5 per cent TCA. 


Application of Method and Comparison of Results 


In order to determine the applicability of the proposed method, the re- 
sults with PBPH were compared with those with orcinol and with phos- 
phorus and ultraviolet absorption measurements in the following manner. 
The RNA content of extracted powders of several tissues and microor- 
ganisms was determined by the PBPH and orcinol methods (2) and the 
corresponding phosphorus and ultaviolet absorption values were calculated. 
Similarly, phosphorus and ultraviolet absorption values were calculated 


1 Deoxyribose anilide may be obtained from the California Foundation for Bio- 
chemical Research, Los Angeles, California. 
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from results of DNA assays (1). By employing the RNA phosphorus re- 
sults as found by the two RNA methods, two figures for total phosphorus 
content were calculated by adding to each RNA phosphorus value the 
DNA phosphorus content. These calculated results were then compared 
with total phosphorus content found by direct determination.2 The cal- 
culated phosphorus contents were based on the average phosphorus con- 
tents found experimentally for the two nucleic acids used for standards, 9.0 
per cent for RNA and 7.9 per cent for DNA.* Calculated ultraviolet ab- 
sorption values were summed in a similar manner and compared with 
ultraviolet absorption measurements found directly. The ultraviolet 
values were calculated from extinction coefficients (EF, om.) of 0.224 and 
0.285 found for 0.001 per cent solutions of hydrolyzed DNA and RNA 
standards, respectively, as determined at 260 my in the Beckman quartz 
spectrophotometer (11). The same hydrolysate was used for the different 
assays and quadruplicate analyses were performed on each material. 

The data obtained are summarized in Tables I, II, and III. 

Analyses of Tissues and Microorganisms for RNA by PBPH and Orcinol 
Methods and for DNA by p-Nitrophenylhydrazine Procedure—The results 
obtained are reported in Table I. It may be seen that, with the exception 
of yeast, the RNA values as found by the PBPH method, although some- 
what lower, were in fair agreement with RNA values as found by the 
orcinol procedure. The RNA values for yeast by the latter method were 
obviously increased by a brownish red non-specific color which contributed 
to the total absorption and for which no adequate correction could be 
made. Levy et al. (12), using the phloroglucinol procedure of von Euler 
and Hahn (4), experienced similar difficulty with yeast. Perhaps the con- 
sistently higher RNA values found here for the other materials by the or- 
cinol method could also be attributed to such non-specific color. 

The orcinol RNA values shown have been corrected for DNA interfer- 
ence. Experimentally, DNA gave 12.5 per cent of the color given by the 
same weight of RNA at 660 my. This was the same amount of correction 
found necessary by von Euler and Hahn (4). 

The reproducibility of the PBPH method is illustrated by the data 


2 Phosphorus determinations were performed by the molybdenum blue reaction. 
The reducing agent was 0.5 per cent p-hydroxyphenylglycine in 2.5 per cent Na2S0O; 
solution. After dilution of the H.SO, digests with 10 ml. of H.O, 2 ml. of (NH4)c- 
Mo70%:4H;0 (2.5 per cent in 9 N H2SO,), followed by 1 ml. of the reducing agent, 
were added. A stable color was developed in an approximately 2 nN acid concentra- 
tion by heating for 30 minutes in a boiling water bath. After dilution to 15 ml., the 
solutions were read at 660 mu. 

3 The DNA, prepared from calf thymus by the method of Hammarsten (10), also 
gave an analysis of 13.7 per cent nitrogen. 


Ana 


Rat 


A 


Rat 


Av 


Rat 


Av 


Yeas 











XUM 










































































J. M. WEBB 643 
re- TaBLeE I 
rus . > , ; . 
th Analyses of Tissues and Microorganisms for RNA by p-Bromophenylhydrazine and 
; Orcinol Methods and DNA by p-Nitrophenylhydrazine 
re 
val- RNA, y per mg. extracted powder : 
on- Original material Analysis No. Ng alan aoe a he De ome E. 
90 PBPH Orcinol* 
eo = eure eco 
‘ith Rat liver 1 36.9 37.9 13.4 
™ 2 34.7 38.5 13.5 
let 3 32.0 37.8 12.3 
and 4 34.2 39.4 12.3 
NA —e 
artz IEE FB iicl s pding so s-ce cide 34.5 38.4 12.9 
rent a Xs > eal ty 
Rat lung | 1 15.5 16.1 37.8 
2 13.3 12.9 40.4 
; 3 13.1 14.6 39.9 
inol 4 15.1 17.3 38.0 
ults —_ in 
tion Rey ep Te Se 14.3 15.2 39.0 
me- _ 
the Rat kidney 1 22.0 28.1 20.6 
2 20.7 24.5 21.8 
vere 
ted 3 20.4 24.7 20.6 
4 4 20.8 24.8 20.2 
1 be 
uler RR Ree, Bitrate epee 21.0 25.5 20.8 
con- — 
2 or- Yeast 1 75.0 124.4 5.1 
2 72.5 104.6 5.0 
rfer- 3 66.3 113.7 4.5 
4 69.5 124.4 4.8 
r the 
stion IS bik Siacoindictt 6 asain tne pekdecaine 70.8 116.8 4.9 
data | &. coli 1 127.5 132.1 58.8 
tion 2 127.5 128.2 58.2 
. So, 3 108.5 122.3 52.0 
a 4 125.9 129.4 53.9 
Ha) - 
gent, 
.ntra- NE Sy cc a hiawebaws ecde eset 122.4 128.0 55.7 
., the : 
* Corrected for DNA interference, but not for other non-specific color (see the 
’ also text). 
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TABLE II 
Total Nucleic Acid Phosphorus Content Found in Tissues and Microorganisms and Tot 
That Calculated from RNA and DNA Methods 1 
DNAP = deoxyribonucleic acid phosphorus; RNAP = ribonucleic acid phos- 
phorus. 
Han = 
Phosphorus, y per mg. extracted powder 
Original material Analysis No. Calculated (see text) oe 
Found Rat 
DNAP + RNAP| DNAP + RNAP 
(PBPH) |  (orcinol) 
Rat liver 1 4.3 4.4 4.5 
2 4.5 4.2 4.5 — 
3 4.3 3.9 4.4 AY 
4 4.3 | 4.1 4.5 — 
Rat 
Ce See Oo Oe re Pee ae 4.4 4.2 4.5 
Rat lung 1 4.4 4.4 4.4 
2 4.7 4.4 4.4 m 
3 4.5 4.3 4.5 - 
4 4.4 4.4 4.6 —— 
. Rat 
eer ee. Teenie tree 4.5 4.4 4.5 
Rat kidney 1 3.7 3.6 4.2 Bheing 
2 3.7 3.6 3.9 Ay 
3 3.8 3.5 3.9 ges 
4 4.0 3.5 3.8 Yeas 
I os) 5 asghs)dcao Walea oa erxints Are ate wae Ge 3.8 3.6 4.0 
Yeast 1 7.2 7.2 11.6 “on 
2 7.3 6.9 9.8 AN 
3 7.3 6.3 10.6 a; 
4 7.1 6.6 11.6 E. ce 
0 eter rr) erent nr Pe a 6.8 10.9 
E. coli 1 14.9 16.1 16.5 wn 
2 15.2 16.1 16.1 
3 14.6 13.9 15.1 * 
4 14.9 15.6 15.9 
shoy 
ND ee Fs ota gut hinneeaco b oN Ov aaa 14.9 15.4 15.9 port 
spec 
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TaB.e III 
d Total Nucleic Acid Ultraviolet Absorption Found for Tissues and Microorganisms 
be and That Calculated from RNA and DNA Methods 
yhos- Optical density* per 0.1 mg. extracted powder per ml. TCA 
= Original material Analysis No. Calculated (see text) 
r Found 
DNAP + RNAP DNAP + RNAP 
(PBPH) (orcinol) 
RN Rat liver 1 0.126 0.135 0.138 
- yaa 2 0.130 0.129 0.140 
3 0.129 0.119 0.135 
5 4 0.128 0.125 0.140 
5 
4 DN F532 5s oramheeess taka s 0.128 0.127 0.138 
5 ms 
= Rat lung 1 0.126 0.129 0.131 
5 2 0.120 0.128 0.127 
3 0.125 0.127 0.131 
4 4 0.123 0.128 0.134 
, It ea Ra 2 ar a aS ame 0.124 0.128 0.131 
® Rat kidney 1 0.116 0.109 0.126 
2 0.123 0.108 0.119 
5 3 0.113 0.104 0.117 
———— 4 0.112 0.105 0.116 
2 
9 RR aa are ere 0.116 0.107 0.120 
9 — - 
8 Yeast 1 0.188 0.225 0.366 
— 2 .0.188 0.218 0.309 
0 3 0.180 0.199 0.334 
— 4 0.179 0.209 0.365 
6 arm Tiare eT 
8 MI 6 oP cote tts wamniaucag ieee ah 0.184 0.213 0.344 
).6 
6 E. coli 1 0.453 0.495 0.508 
2 0.403 0.494 0.495 
).9 3 0.384 0.426 0.465 
; 4 0.392 0.480 | 0.490 
a a 
7 Wa RLS BRE. | 0.408 0.474 0.490 
5. 
D1 *1 em. light path at 260 mu. 
5.9 
____ | shown. With the five different materials on which four analyses are re- 
5.9 ported on each, the per cent deviation of each determination from its re- 
—— | spective mean of four such determinations can be calculated. By the 
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PBPH, method the average of all twenty of the per cent deviations was 4.7 
and the maximal single per cent deviation was about 11 per cent. By the 
orcinol method, the average of the deviations (omitting the yeast deter- 
minations) was about the same (4.6), whereas the maximal single devia- 
tion was about 15 per cent. 

Comparison of Total Phosphorus and Ultraviolet Absorption Values Found 
Experimentally with Calculated Data from Nucleic Acid Assays—The results 
obtained are given in Tables II and III. It may be seen that calculated 
data for yeast, based on the RNA results as determined by the orcinol 
method, reflected the extraneous absorption, since significantly higher phos- 


TaBLe IV 
Conversion of Nucleic Acid Values Found for Extracted Powders to Corresponding 




















Values for Original Biological Material 
| | 
| - pos gee al | og csmained s Der a - geo 
Tissue or organism powder ¥ per mg. — per | original material per 100 4 
extracted pee Hm | ———_———_| _ original 
| PBPH | Orcinol* powder materialt PBPH | Orcinol* material 
Rat liver....... | 34.5 38.4 12.9 17.2 0.59 0.66 0.22 
a 14.3 15.2 39.0 13.3 0.19 | 0.20 0.52 
‘“ kidney....| 21.0 25.5 | 20.8 14.0 | 0.29 0.36 0.29 
pe eee | 70.8 116.8 | 4.9 73.2 | 5.18 8.55 0.36 
MO. hse ve | 122.4 128.0 | 55.7 | 69.2 | 8.54 | 8.86 3.85 








* See foot-note to Table I. 
7 Wet weight for rat tissues; dry weight for yeast and E£. coli. 


phorus and ultraviolet absorption values than those found by actual assay 
were obtained. On the contrary, calculated data for this material, based 
on the RNA results found by the PBPH method, agreed satisfactorily with 
values obtained by actual assay. For rat tissues, it is obvious that there 
was good agreement between phosphorus and ultraviolet absorption values 
calculated and those found, regardless of which RNA value was taken. 
For E. coli, however, calculated data were in greater agreement with those 
of actual assays when RNA values as found by the PBPH reaction were 
taken. 

There was a tendency, in general, for greater agreement between calcu- 
lated and found phosphorus values than between calculated and found 
ultraviolet absorption values, regardless of which RNA results were in- 
volved. 

Conversion of Nucleic Acid Values of Extracted Powders to Equivalent 
Values for Original Material—For comparison with data in the literature, 
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which are often given as per cent of wet weight in the case of an al tis- 
sues, or per cent of dry weight in the case of microorganisms, the nucleic 
acid values for the extracted powders (Table I) have been converted to 
corresponding values for the original material. Table IV gives the values 
obtained for the several tissues and microorganisms when their average 
RNA values, as found by the two methods, and their average DNA values 
are multiplied by their respective conversion factors (mg. of extracted 
powder per 100 mg. of original material). 


DISCUSSION 


Since only the purine nucleotides hydrolyze readily to give pentose, in 
the PBPH procedure, as in the orcinol method, essentially only purine- 
bound ribose is measured. Hence, RNA determination based on the carbo- 
hydrate moiety is complicated by possible differences in the purine-pyrimi- 
dine nucleotide ratio from one nucleic acid to another. That considerable 
variations in the purine-pyrimidine ratio can occur has been demonstrated 
by Chargaff et al. (13-15) and also Loring (16) who found the purine con- 
tent of tobacco mosaic virus to be lower by 20 per cent than that required 
by the tetranucleotide hypothesis. DNA does not present this difficulty, 
as its purine-pyrimidine ratio has been shown to be relatively constant 
(13, 17). 

In the present investigations, differences between calculated and found 
phosphorus values or calculated and found ultraviolet absorption values 
for the several materials analyzed could indicate differences in RNA com- 


position as compared to the standard. The case of P. ammoniae, studied 


in a similar manner at two stages of growth (17 and 48 hours), offers a more 
conclusive illustration of this point; for both phosphorus and ultraviolet 
calculated values were significantly higher than found values, regardless of 
which RNA results were taken in the calculations. It is of interest that 
less variation between calculated and found values was observed in the 48 
hour culture of this organism than in the 17 hour culture. Since by both 
the orcinol and PBPH methods, the amount of RNA in the 17 hour culture 


| was about twice that in the 48 hour culture, whereas the DNA content 


was approximately the same in both, one implication may be that, with 
increasing amounts of RNA, differences in RNA composition as compared 
to the yeast RNA standard become more apparent. 

Besides compositional and structural differences from one nucleic acid 
to another, there may be present interfering substances which give a posi- 
tive test with both the orcinol and PBPH reagents. Thus, it is well to 
check nucleic acid results found by colorimetric sugar methods against to- 
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tal phosphorus and ultraviolet measurements. However, possible struc- 
tural differences in the polynucleotide group, as suggested by Gulland (18), 
or small amounts of non-nucleic acid phosphorus could cause erroneous con- 
clusions from phosphorus determinations. Likewise, besides variations in 
the proportion of different bases, ultraviolet measurements may be affected 
by the presence of other materials which absorb in the ultraviolet for which 
no adequate correction can readily be made. 

It should be noted that the proposed method, by virtue of the extraction 
before color formation, can eliminate or minimize effects of interfering sub- 
stances or non-specific color resulting from organic matter charred by 
strong acid. For example, in preliminary experiments with formalin-fixed 
tissue which gave non-specific color with both the orcinol and phloroglucinol 
methods, the PBPH method yielded results which were suggestive of its 
usefulness for the analysis of such material. 


SUMMARY 


A colorimetric procedure has been devised for determining the ribonucleic 
acid (RNA) content of biological material. Ribose, from hydrolyzed 
RNA, when heated in a 4 nN HCl medium saturated with NaCl, yields 
furfural which is extractable with xylene. The xylene extract reacts with 
p-bromophenylhydrazine (PBPH) in HCl-ethanol solution to give a yellow 
color (maximal absorption at 450 mu) which, under standardized condi- 
tions, is a measure of the amount of RNA present. The developed color 
followed Beer’s law over the range of 9.4 y to more than 150 y of purified 
RNA. The PBPH method was found to be more specific than the orcinol 
procedure, the one most generally used for RNA assay, since deoxyribo- 
nucleic acid (DNA) did not interfere with the test and the xylene extrac- 
tion minimized the effect of interfering substances. The results were 
reproducible and good recoveries were obtained. 

RNA values for several tissues and microorganisms were determined by 
the proposed method and the orcinol procedure, and thoeretical phosphorus 
content and ultraviolet absorption were calculated from each result. Total 
phosphorus content, calculated by adding RNA phosphorus values to the 
phosphorus content calculated from deoxyribonucleic acid assays on the 
same materials, was compared with total phosphorus values found by actual 
assay. Calculated ultraviolet absorption values were treated likewise. 
In general, the calculated phosphorus and ultraviolet values based on 
PBPH assays for RNA agreed more closely with experimental findings than 
did those based on the orcinol assays. Furthermore, such comparisons 
indicated that the proposed method may be applicable to more diverse 
materials. 
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ENZYMIC SYNTHESIS OF A NEW DINUCLEOTIDE FROM 
COZYMASE BY A NEW METHOD OF BIOSYNTHESIS 


By 8. G. A. ALIVISATOS* anp D. W. WOOLLEY 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, December 13, 1955) 


Recently a novel mechanism of biosynthesis has been uncovered (1) 
which seems to be energized from “‘onium”’ salts. In reactions of this class 
a quaternary ammonium salt (e.g. thiamine) or a sulfonium salt (e.g. 
adenosylmethionine) is activated by a specific enzyme and transfers an 
alkyl group to an acceptor molecule. A shared electron in the “onium” 
linkage becomes unshared in the reaction products, and a hydrogen ion is 
formed. Because of this partial transfer of an electron, one can picture 
the reaction as a reduction. 

Only two members of this class of reactions have been thus far recognized, 
viz. the thiaminase-catalyzed syntheses and those brought about by the 
methyl transferases which act on adenosylmethionine (2). Consequently, 
it would seem desirable to search for other examples. Because many kinds 
of quaternary ammonium compounds are known to occur in living things, 
the idea seemed justifiable (1) that there might be many examples of this 
class of reaction. Thus, it was suggested that cozymase (DPN),' one 
of these quaternary ammonium compounds, might undergo such a reaction 
with the consequent production of a new dinucleotide. A short note has 
appeared (3) which describes this reaction in which the acceptor was 
4-amino-5-carboxamidoimidazole, a recognized precursor of the purines in 
microorganisms and animals. The purpose of this paper is to give a de- 
tailed account of this work. 

The enzyme catalyzing this reaction was beef spleen DPNase. The 
product of the reaction was isolated in apparently pure form, and was 
shown to be a pyrophosphate of the imidazole ribotide and of adenylic 


* Damon Runyon Memorial Fellow. 

1 Throughout this paper the following abbreviations have been used: DPN, di- 
phosphopyridine nucleotide; IRPA, the pyrophosphate derived from the 4-amino- 
5-earboxamidoimidazole ribotide (IRP) and AMP (the initials stand for imida- 
zoleribose-phosphate-adenylic acid); RPA, ribose-phosphate-adenylic acid; IRP, 
3-riboside-5’-phosphate-4-amino-5-carboxamidoimidazole (the initials stand for im- 
idazoleribose-phosphate); AMP, adenosine-5’-phosphate; NRP, nicotinamide mon- 
onucleotide; the imidazole, 4-amino-5-carboxamidoimidazole; DPNase, the enzyme 
hydrolyzing the bond between nicotinamide and ribose in the oxidized form of 
DPN; Tris, tris(hydroxymethy])aminomethane. 
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acid. The name of this compound was abbreviated to IRPA, and the | DI 
course of the reaction and the structure of the dinucleotide are outlined in | PU 
Fig. 1. cel 

This reaction is not the same as the base-exchanges of DPN which have | DI 
been studied by Zatman et al. (4,5). At least three features which distin. | by 
guish the two types have been noted. da: 

The base-exchange reactions involve no loss of the energy-rich “onium” } at 
linkage. Thus, the exchanges have been found to proceed between DPN | ©? 
and isonicotinic acid hydrazide, B-acetylpyridine, or other pyridine deriva- | ™€& 
tives. The nicotinamide portion of DPN is exchanged for the new pyri- | ™ 
dine base, which is held as a pyridinium salt, just as the nicotinamide was | 4¢t 


“ abl 
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mo 

Fic. 1. Formation of IRPA ] 

in DPN. No loss of the quaternary linkage has occurred. On the con-| *™ 
trary, in the new reaction the product is no longer a quaternary ammonium f| P"! 
salt. The “onium” linkage has been lost. - 
In the base-exchange reactions, as a consequence of retention of the} ®" 
“onium” linkage, no H+ is liberated. By contrast, the new reaction in| “™ 
volves formation of an H*. _ 
The base-exchange reactions are readily reversible. On the contrary,} °"® 
the new reaction is irreversible, and the new dinucleotide formed is not ce 
abc 


attacked by DPNase. This irreversibility of the new reaction is exactly 
analogous to the situation with thiaminase and the methyl transferases, 
which do not readily yield back from the products any of the starting ma- 2 
terials (1). fou 

EXPERIMENTAL Pap 


Materials and Methods—Soluble and purified beef spleen DPNase was] acic 
prepared according to the method of Alivisatos and Woolley (6). Thef " 
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DPN used was mainly from the Sigma Chemical Company, 70 per cent 
purity, but crucial experiments were repeated, either with Sigma 90 per 
cent DPN or with samples purified in this laboratory by electrophoresis. 
DPN was determined either by conversion to the cyano derivative (7) or 
by means of alcohol dehydrogenase (4). The 4-amino-5-carboxamidoimi- 
dazole was made by the method of Shaw and Woolley (8), either in this 
laboratory or at the California Foundation for Biochemical Research. All 
enzymic reactions were buffered with Tris (tris(hydroxymethyl)amino- 
methane). Paper chromatography was carried out by the ascending 
method with Whatman No. 1 paper, and the positions of the spots were 
determined in ultraviolet light from a Mineralite lamp. Spots of diazotiz- 
able compounds were located by colors developed with the Bratton-Mar- 
shall method.? Paper electrophoresis was carried out according to the 
method of Kunkel and Tiselius (9). All the values for mobilities were 
determined in reference to DPN, which was run alongside. Dowex 1, 
chloride form, columns were used essentially as described by Cohn and 
Carter (10). Diazotizable amines were determined according to the 
method of Bratton and Marshall (11). Because different modifications of 
this procedure are now in common use and were found not to give identical 
results, the exact conditions used in this work must be described. The 
sample (2.4 ml. in water) was treated with 0.15 ml. of 79 per cent trichloro- 
acetic acid and 0.15 ml. of 0.1 per cent aqueous sodium nitrite. 3 minutes 
later 0.15 ml. of ammonium sulfamate (0.5 per cent) was added and 2 
minutes later 0.15 ml. of 0.1 per cent N-(1-naphthyl)ethylenediamine di- 
hydrochloride. The color was measured 10 minutes later with a Beckman 
model DU spectrophotometer. 

Formation of New Dinucleotide (IRPA)—1 gm. of 4-amino-5-carbox- 
amidoimidazole hydrochloride (6135 umoles) and 0.264 gm. of 70 per cent 
pure DPN (272 umoles) were dissolved in 5 ml. of 1 m Tris, pH 
7.5. Enough KOH and water were added to bring the pH back to 7.45 
and the final volume to 11 ml. Purified DPNase (330 units in 0.5 ml.) 
was added, and the mixture was incubated at 38° for 19 hours. 88.5 per 
cent of the DPN originally present had then disappeared (alcohol dehydrog- 
enase method). 

Isolation of IRPA by Chromatography—The reaction mixture described 
above was diluted to 1100 ml. and passed through a Dowex 1 (10 per cent 
cross-linked) chloride column 1 X 10 em. which had been equilibrated with 


* To avoid spreading of the spots which otherwise occurred after spraying with the 
four Bratton-Marshall reagents, the following modification proved useful. The 
paper was sprayed first with a solution made from 1 volume of 0.1 per cent aqueous 
NaNO, cooled to 0° and slowly treated with 1 volume of 20 per cent trichloroacetic 
acid. After 3 minutes the paper was sprayed with the 0.1 per cent ethylenediamine 
reagent. 
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distilled water. The flow rate was 20 ml. per hour. After the reaction 
mixture had passed through the column, the latter was washed with water, 
until the effluent was free of diazotizable amines (about 400 ml.). The 
solvent then was changed to 0.0045 n HCl, pH 2.35, and the washing was 
continued until the effluent was free of ultraviolet-absorbing material 
(470 ml.). The solvent was then changed to 0.0050 n HCl, pH 2.31, and 
the first 100 ml. of effluent were discarded. The point of emergence of the 
dinucleotide was judged from the absorption at 260 my and from the test 
for diazotizable amines.’ The fraction from 100 to 540 ml. contained the 
pure dinucleotide (IRPA). The column was then washed with the same 
solvent until the effluent was free of diazotizable amine or ultraviolet- 
absorbing material, and this fraction was recycled with subsequent runs, 
The nicotinamide-free hydrolytic product of DPN (7.e. RPA) remained on 
the column and could be obtained by further elution with 0.0055 n HC, 
pH 2.26 (12). 

The effluent containing the IRPA (440 ml.) was mixed with 4 liters of 
ethanol and 4 liters of ether at 4°. The precipitate was allowed to settle 
in a tall cylinder at —16°. Most of the supernatant fluid was then de- 
canted, and the precipitate was collected on a fine fritted glass filter and 
washed with ether. The precipitate was dissolved in 1.5 ml. of water, the 
solution was filtered,t and the IRPA was reprecipitated with ethanol and 
ether, dried over P.O; at 25° in vacuo. The final yield was 40 mg. of 
purplish white powder. 

Isolation of IRPA by Paper Electrophoresis—The method of Kunkel and 
Tiselius (9) was used. The buffer was 0.05 mM ammonium acetate, pH 5.0, 
and the potential difference across the ends of the papers was 200 volts for 
20 hours at 4°. The paper was Whatman No. 1, 18 X 4.5 inches, and the 
starting line was 7 inches from the cathode end.’ Thirty such sheets were 
run as a pile at one time. After the run, one of the papers was cut into 
sections, eluted with water, and the position of the IRPA determined by 
the ultraviolet absorption and Bratton-Marshall tests on the eluates. This 
was used as a guide for cutting the other papers. The proper eluate from 
the first run was freeze-dried and rerun on a single sheet at 600 volts with 
0.1 M ammonium acetate, pH 5.0, for 4 hours. The concentration of di- 
nucleotide applied was 3 umoles per ml. The relative positions occupied 
by DPN, IRPA, and other pertinent compounds are given in Fig. 2. In 
a single run each of these compounds could be clearly separated from the 


3 This was after the first 40 ml., but to obtain pure material it was best to begin 
collecting after 100 ml. 

4A dark insoluble oxidation product was thus removed. Formation of this dark 
material was very troublesome and occurred excessively when the effluent was con- 
centrated by freeze drying. For this reason it was best to precipitate directly with 
alcohol and ether. 
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ction | thers. The IRPA migrated 2.2 times as fast as DPN. These two di- 
ater, | nucleotides differ in that DPN contains a strongly basic “onium” linkage 
The | which is absent in IRPA. 
> WaS | Factors Influencing Yield of IRPA—The yield of IRPA depended pri- 
terial marily on the concentration of 4-amino-5-carboxamidoimidazole at the 
, and beginning of the reaction. This is shown by the data in Table I. The 
~~ yield was calculated on the basis of the amount of DPN which disappeared 
d the pon * _NRP IRPA 
same 
iolet- 0.3 1 1.6 1.9 2.2 2.5 
runs. 
ed on t DPN AMP _IRP RPA 
HC, Starting 

Line 
d Fig. 2. Relative positions in paper electrophoresis of IRPA, IRP, DPN, and other 

-_ nucleotides. The conditions were 0.1 M ammonium acetate, pH 5.0, 600 volts, 
settle 4hours, 4°. The paper was 46 cm. long, the actual distance moved by DPN was 
mn de- | 65cm. 

. Pe TaBLeE I 
. t ; Dependence of Yield of IRPA on Concentration of 4-Amino-5-carboxamidoimidazole 
| an 
ng. of Imidazole Initial DPN Utilized DPN Eagyme | | Peed ol | Vidi teed 
el an d umoles per ml. pmoles per ml. pmoles per ml. units per ml. hrs. per cent 
H 5.0 6 4.16 2.91 2.65 24 0.5 

ie 74 4.44 3.63 6.60 19 9.0 

Its for 148 5.32 5.00 6.60 24 19.0 
nd the 296 4.55 4.38 8.25 3 27.2 
5 wer 296 5.32 4.45 6.60 18 29.7 

t into 396 4.77 4.76 27.20 24 34.8 

575 23.70 19.65 55.50 19 36.7 
ied by 
This The reaction mixture was buffered, in all cases, with Tris, pH 7.4, 0.1 to 0.4m 

e from | (final concentration). DPN was determined at zero time and at the end of the 

‘s with | incubation (alcohol dehydrogenase). 

_ of di- . ‘ ¢ 

cupied from the reaction mixture. The IRPA was separated by electrophoresis 

2. In} % by column chromatography, and the total amount was measured by the 

om the | Bratton-Marshall method. 

; The yield of the dinucleotide did not depend on the concentration of the 

‘0 begi® } enzyme. When the enzyme was reduced in amount, the longer incubation 

nis dark period required for the disappearance of DPN still resulted in the same 

vas con- } Yield (fourth and fifth lines, Table 1). 

tly with} The absolute amount of IRPA formed was increased by increasing the 

concentration of DPN, but the percentage yield, based on the DPN which 
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disappeared, was independent of the DPN concentration. The nicotin- 
amide set free during the reaction caused some inhibition of the enzyme, 
especially when the DPN concentration was large. For this reason, the 
time of incubation had to be extended. Nevertheless, the percentage yield 
was unaffected. Clearly, the imidazole competed with water in the reae- 
tion. The more imidazole present with respect to water, the greater was 
the yield of IRPA. 














TaBLeE II 
Analytical Data from IRPA and IRP 
IRPA IRP 
Constituent Analytical method* 
Calculated| Found |Calculated| Found 
moles per | moles per | mole per | mole 
667 gm. 667 gm. \mole ribose|mole ribose 

POD ca ile van seu’ (13) 2.00 2.03 1.00 1.00 
; | | See a (14, 15) 2.00 1.93 1.00 0.94 
morgane fF... .......... 0.00 0.00 0.00 0.00 


“ce ce 


after pyro- 
phosphatase + phos- 








DAGLORG. 5 .60 60200400. 2.00 1.80 1.00 
enero (11)t | 1.00 1.00 1.00 0.95 
B.S oo. os bons Ultraviolet at 260 mu§; 1.00 0.96 0.00 
getter Batt seo th ey Isolation after pyro- | 1.00 0.95 0.00 

phosphatase|| 
Be Ses bs « 8 eametinene " . 1.00 0.96 1.00 














* The numbers in parentheses refer to references in the literature. 

+ The solution was analyzed for ribose, and other values were referred to this. 

t The values from the Bratton-Marshall method were corrected for decreased ab- 
sorption of 3-substituted imidazoles as described in a succeeding section. 

§ Absorption due to imidazole portion of the molecule was subtracted from total 
absorption at 260 mu. 

|| The method is described in detail in a succeeding section. 


Analysis of IRPA—Weighed samples of IRPA prepared by the chromato- 
graphic procedure were used to obtain the data listed in Table II. The 
methods of analysis are indicated there. 

Paper Chromatography of IRPA—In a variety of solvent systems IRPA 
moved as a single spot at the rates indicated in Table III. The Rp values 
were the same whether the spot was detected with a Mineralite lamp or 
with the Bratton-Marshall test.2-* In the solvents tested, DPN could not 
be completely separated from IRPA. 


5 IRPA gave a purplish blue spot with this test, whereas the free imidazole gave a 
red spot. 
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Proof of Structure of IRPA—In addition to the analytical findings the 
following experiments indicated that the structure of IRPA was that shown 
in Fig. 1. 

Enzymic Cleavage of IRPA to AMP and IRP; Preparation of IRP— 
645 umoles of IRPA (4.4 mg.) in 4.7 ml. of 0.1 m Tris at pH 7.5 and an 
excess of nucleotide-pyrophosphatase of Kornberg and Pricer (20)* were 
incubated together for 3 hours at 38°. The products were then separated 
on a Dowex 1 (10 per cent cross-linked), chloride form, column, 1 X 10 
em., in the manner described earlier for preparation of IRPA. Two peaks 
were obtained. The first was eluted by 0.002 n HCl and consisted of pure 
AMP. The second was eluted with 0.0025 n HCl and was pure IRP. 
No IRPA or RPA was recovered. According to ultraviolet absorption and 
Bratton-Marshall determinations the AMP amounted to 6.1 ymoles and 
































Tas_e III 
Ry Values from Paper Chromatograms Run at 25° 

System IRPA| DPN | RPA | imi |Nicotin-) ayp | IRP 
n-Propanol-water 4:1 (16). . ....|0.00} 0.00 | 0.04 | 0.40 | 0.69 | 0.07 | 0.08 
n-Propanol-diluted NH,OH 3: 2 (16)... 0.59 0.54 | 0.67 | 0.89 | 0.56 | 0.52 

n-Butanoldiethylene glycol-diluted 
POE, FI 0 ios. i sis toys Se 4 0 a:0y 0.00} 0.00 | 0.08 | 0.54 0.00 | 0.00 
Ethanol-0.1 m acetic acid 1:1 (4)..... 0.42] 0.47 | 0.66 | 0.62 | 0.76 | 0.58 | 0.62 
K:HPO,-isoamy] alcohol (18)... .. . .|0.67| 0.72 | 0.78 | 0.60 | 0.71 | 0.68 | 0.80 
Isopropanol-2 n HCl (19)............}0.15| 0.12 | 0.55 | 0.53 | 0.44 | 0.45 | 0.50 





The numbers in parentheses refer to the literature. 


the IRP to 6.18 wmoles. The two solutions were dried from the frozen 
state. 

The AMP was identified by comparison with an authentic sample in 
paper chromatography and electrophoresis (see Fig. 2 and Table III). 

Ry values for the IRP are shown in Table III. As noted earlier by 
Greenberg (21), spots containing this mononucleotide turned purplish blue 
on standing without any spray. 

Structure of IRP—The compound was characterized further by the 
analyses in Table II and by identification of the products of acid hydrolysis. 
When heated at 100° for 1 hour in 2 Nn HCl, this substance yielded 4-amino- 
5-carboxamidoimidazole, which was identified by paper chromatography, 
and ribose-5-phosphate, which was identified with an authentic specimen 
in paper electrophoresis. The positions of the spots of the ribose phos- 
phate were found by the method of Mukherjee and Srivastava (22). 


We wish to thank Dr. A. Kornberg for the purified nucleotide pyrophosphatase. 
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Paper electrophoresis of IRP demonstrated clearly that it was not an 
“onium” salt (see Fig. 2). The similarly constituted “onium” compound, 
viz. NRP, moved much more slowly than did IRP. One would expect the 
strongly basic “‘onium”’ linkage to retard the migration due to the organic 
phosphoric acid. The more rapid migration of IRP thus indicated that 
it was not an “onium” compound. The NRP was prepared by the action 
of nucleotide pyrophosphatase on DPN (20). 

The position of the phosphate ester in the ribotide (IRP) was established 
by the positive periodate test for 1,2-glycols (23). One could argue that 
the phosphate group could have migrated to position 3’. If this had been 
so, then the mononucleotide should have been unattacked by periodate, 

Hydrolysis of IRPA with Combination of Enzymes—During the cleavage 
of IRPA by nucleotide pyrophosphatase no inorganic phosphate was 
liberated. However, when this reaction mixture was incubated with a 
semipurified phosphatase from yeast,’ practically all of the phosphorus 
appeared as inorganic phosphate (see Table II). The yeast phosphatase 
by itself liberated from IRPA only 5 per cent of the total phosphorus as 
inorganic phosphate in the same period of time (15 minutes). 

Ultraviolet Absorption Spectra—The absorption spectra of IRPA and of 
IRP at pH 2.6 and 7.5 are given in Figs. 3, 4, and 5. It is noteworthy 
that the curves obtained by adding the optical density at each wave-length 
of the free 4-amino-5-carboxamidoimidazole or the IRP and that of adenine 
at the corresponding pH are almost identical with the curves of the au- 
thentic IRPA. However, the molar extinction at 260 my was somewhat 
smaller than the sum of the molar extinctions of the imidazole and of 
adenine. The absorption curve of IRP differed slightly from that of the 
free imidazole at pH 2.6. The latter showed a small but definite maximum 
at 240 mu which did not appear in the curve for IRP. Instead there was 
a small shoulder at about 250 my. The maximum was in both cases at 267 
my. 

Behavior of IRPA, IRP, and of Synthetic 3-Benzyl-4-amino-5-carbor- 
amidoimidazole in Bratton-Marshall Test—The color given by IRPA a 
IRP in the Bratton-Marshall test was purple, whereas that given by free 
4-amino-5-carboxamidoimidazole was red. The differences in absorption 
spectra can be seen in Fig. 6. The peaks for the dyes from IRPA and IRP 
are displaced towards greater wave-lengths, with respect to the absorption 
spectrum of the azo dye of the free 4-amino-5-carboxamidoimidazole. The 
ratio of optical densities at 540 and 600 my was a useful diagnostic tool in 
distinguishing between the free imidazole and the nucleotides. This ratio 
for the imidazole was 3.50, for IRP it was 1.82, and for IRPA 1.72. 


7 A semipurified preparation, kindly supplied by Dr. M. Kunitz. 
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not anf These differences in absorption arose from the possession of a group in 
pound,f position 3 of the imidazole ring. A model compound was very kindly 
ect the supplied by Dr. E. Shaw of this laboratory, which was synthetic 3-benzyl- 
organic} 4-amino-5-carboxamidoimidazole. This model compound also gave a 
-d that} purplish color with the Bratton-Marshall test. The absorption spectrum 
action} of this azo derivative was almost identical with those given by the azo 

derivatives of IRPA andIRP. A further study showed that the color yield 
blished 
ue that 0.7 0.7 
ud been rs 
rlodate, 
leavage 0.6+ 0.6 
te was , 
with a 05 0.5 
sphorus > > 
phatase a 3 
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aah Wave length-mz Wave length-mz 
s at 267 Fic. 3 Fia. 4 
Fic. 3. Ultraviolet absorption spectrum of IRPA and of its components at pH 
-carbor-f 2.6 and at 2.74 X 10-5 M. 
RPA o Fic. 4. Ultraviolet absorption spectrum of IRPA and of its components at pH 
by freep 75 and at 2.74 X 10-5 M. 
sorption 
ind IRPE ftom the free imidazole differed from that obtained from the imidazoles 
sorption with substituents in position 3. A quantitative measure of this difference 
le. Thep Was made by carrying out the color reactions of IRPA and of IRP in such 
e tool nf * Way that the naphthylethylenediamine reagent was the limiting reactant 
his ratiof "ther than the imidazole compound. By use of a constant excess of IRPA 
72. or IRP, large in comparison to the varying amounts of the naphthyl- 
ethylenediamine (at least 10-fold), the color yield of IRPA or IRP could 
be determined in relation to free 4-amino-5-carboxamidoimidazole irre- 
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spective of the absolute purity of the nucleotides.’ These experiments 
showed that the molar extinctions at 540 my of the azo dyes of IRPA and 
IRP were 83 per cent of the molar extinction of the free 4-amino-5-carbox- 
amidoimidazole. The synthetic model compound 3-benzyl-4-amino-}. 
carboxamidoimidazole showed this same kind of behavior. Consequently 
this number was applied as a correction to obtain the values for imidazole 
content presented in Table II. 

Evidence That IRPA Was Not An “Onium” Compound—Aside from the 
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Fia. 5. Ultraviolet absorption spectra of IRP (2.74 X 10-5 m) at pH 2.6 and 75. 
Fia. 6. Spectra of the azo derivative of the imidazole, IRP, and IRPA, each ata 
concentration of 8 X 10-* M. 


improbability from the stand-point of organic chemistry that IRPA could 
be an “onium” compound, there was direct experimental evidence to show 
that it was not, namely the behavior of IRPA (and of IRP derived there- 
from) in electrophoresis. As explained above for IRP, the IRPA would 
have migrated much more slowly if it had contained the highly ionized 
“onium”’ linkage. 

8 Hither IRP or IRPA developed a purplish color without any addition of coupling 
amine. This complication was overcome by the use of appropriate controls. Di- 
azotized free 4-amino-5-carboxamidoimidazole did not give color prior to the addi- 
tion of coupling amine. 
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Position of Ribosidic Linkage in IRPA—There was no direct proof that 
the ribose was attached to position 3 of the imidazole rather than to posi- 
tion 1. It was tentatively placed at position 3 from biological considera- 
tions, since purine nucleosides, for which IRPA may be a precursor, have 
the ribose attached at the position corresponding to 3 in the imidazole. 
The ribose could not have been on the —NH: group because such a com- 
pound would not give a Bratton-Marshall test. 

Hydrolysis of IRPA with HCl—The course of liberation of the free imi- 
dazole from IRPA during acid hydrolysis was followed by measuring the 
change in the ratio of optical density at 540 and 600 my of the Bratton- 
Marshall color. As described above, the imidazole had a ratio of 3.50 and 
the IRPA 1.72. With 1 n HCl at 100° for 15 minutes, 25 per cent of the 
imidazole was liberated. With 2 n HCl for the same time and temperature 
40 per cent was set free. Complete hydrolysis occurred in 2 nN HC] for 1 
hour at 100°. Although the imidazole by itself was not destroyed by 2 
ny HCl for 1 hour at 100° (95 per cent recovery), about 20 per cent of that 
liberated from IRPA was lost under these conditions. The hydrolysis of 
IRP and the identification of two of the products as the imidazole and 
ribose-5-phosphate were described earlier in this paper. 

Failure of DPNase to Attack TIRPA—OA1 ymole of IRPA and 13 units 
of purified DPNase at pH 7.45 (Tris) in 0.15 ml. were incubated 24 hours 
at 38°, and the reaction mixture was separated by paper electrophoresis. 
0.44 umole of the dinucleotide exhibiting the proper rate of migration for 
IRPA and no free imidazole were recovered. An appropriate control with 
no enzyme added gave identical results. Paper chromatographic separa- 
tions confirmed the results obtained by electrophoresis. 

Inhibition of IRP-A Synthesis by Nicotinamide—The question might arise 
as to whether DPNase was the enzyme responsible for the synthesis of 
IRPA, for, although the DPNase was much purified, it was probably not 
a single protein. Inhibition of the synthesis by nicotinamide would be 
evidence that the enzyme concerned was really DPNase. When the reac- 
tion for synthesis was carried out as described above, except that the solu- 
tion was 0.02 m with respect to nicotinamide, no IRPA could be detected 
in the proper eluates of the paper sheets after the mixture had been sub- 
jected to electrophoresis. 

Was Enzyme Necessary for Synthesis?—Many controls were run in which 
the enzyme was omitted from the reaction mixture. No IRPA could be 
detected under these conditions. 

Similarly, controls were run with enzyme, but without 4-amino-5-car- 
boxamidoimidazole, to test the idea that some impurity in the enzyme 
reacted with DPN to give rise toIRPA. No diazotizable amine, and hence 
no IRPA, was detected in these controls. Furthermore, no IRPA was 


XUM 








662 ENZYMIC SYNTHESIS OF NEW DINUCLEOTIDE 


formed from enzyme plus the imidazole plus the nicotinamide-free hydro. 
lytic product of DPN (RPA). 


DISCUSSION 


Because one of the substrates of this reaction (viz. 4-amino-5-carbox. 
amidoimidazole) is a recognized intermediate in the de novo synthesis of the 
purines, it is possible that the reaction here described is of importance in 
purine biosynthesis. Thus, it may be that the new dinucleotide is a physio 
logical substrate for enzymes which insert a formyl group (donated from a 
folic acid derivative) to yield a dinucleotide of inosinic and adenylic acids, 
Cleavage of this compound by nucleotide pyrophosphatase would give 
inosinic acid directly. Another possibility is that IRPA is formed and then 
cleaved by nucleotide pyrophosphatase to IRP plus AMP. The IRP has 
already been demonstrated by Greenberg (24) and by Buchanan and Wilson 
(25) to yield inosinic acid in crude enzyme preparations. 

However, if IRPA did give rise to the inosinic-adenylic dinucleotide, this 
latter compound would possess the energy-rich pyrophosphate bond which 
might be used to esterify an existing polynucleotide at 3’ positions, thereby 
lengthening the nucleotide chain by 1 residue. 

Current beliefs, derived from the work of Greenberg et al. (16, 26) and 
of Hartman et al. (27), are not entirely in accord with such an idea because 
they picture the ribose as being attached to the glycinamide portion o 
the future imidazole nucleotide before the imidazole ring is formed. This 
would seem to exclude the formation and participation of free 4-amino-5- 
carboxamidoimidazole in purine biosynthesis. Nevertheless, administra. 
tion of labeled 4-amino-5-carboxamidoimidazole to animals does lead to 
formation of nucleic acids containing labeled purines (28). It may well 
be that there are several routes of purine formation, one of which involves 
ribosidation of a glycinamide derivative and another which goes through 
the DPN reaction pathway starting with the free imidazole. Then, too, 
the systems which have been used to study purine biosynthesis are fre- 
quently so unpurified that they might well leave room for the presence 
of both DPN and DPNase. 

From a practical stand-point the reactions described in this paper pro 
vide a relatively easy method for the preparation of weighable quantities 
of IRP. This imidazole mononucleotide has previously been obtained 
only with great difficulty. 


SUMMARY 


Soluble, purified beef spleen DPNase was found to catalyze a reaction 
between cozymase (DPN) and 4-amino-5-carboxamidoimidazole which lei 
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to the formation of a new dinucleotide. This new dinucleotide, IRPA, 
was isolated in apparently pure form, and its structure was established by 
suitable analyses and degradations. It was derived from DPN by replace- 
ment of the nicotinamide moiety by the 4-amino-5-carboxamidoimidazole. 
The quaternary ammonium linkage present in DPN was absent in the new 
dinucleotide. The reaction was shown to differ from the base-exchanges 
previously recognized. In these exchanges another pyridine derivative 
replaces the nicotinamide in DPN without loss of the “onium” linkage. 
The new reaction was sought as an example of a novel class of biosynthetic 
mechanism, viz. those which seem to be energized by reduction of an 
“onium”’ linkage. 
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METABOLISM OF GLYCOLALDEHYDE IN THE RAT* 
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Though glycolaldehyde has long been considered as a possible metabolic 
intermediate (1), its importance in this respect has been enhanced in recent 
years with the discovery that an active enzyme complex of this substance 
is involved in the interconversion of sugars by way of the transketolase re- 
action (2-4). It has also been suggested as an intermediary in the con- 
version of ethanolamine and pentose to acetate (5) and of ethanolamine to 
glycine (6). In the present report a method is described for the prepara- 
tion of glycolaldehyde-2-C“ (C“H,OHCHO), together with results of ex- 
periments bearing on its significance in the intermediary metabolism of the 
rat. 

The following metabolic transformations were studied: to glycine by 
using the hippuric acid technique (7), to CO2 by collection of respiratory 
CO, in alkali, to oxalic and formic acids by “trapping” techniques described 
previously (8), to acetate by trapping either as the a-amino-y-phenylbu- 
tyric acid derivative in vivo (9) or as acetoacetate in liver slices in vitro (10), 
and to glycogen by a standard procedure (11). 


Methods and Results 


Preparation of Glycolaldehyde-2-C'—The reaction is carried out in a 3- 
necked flask equipped with a dropping funnel, a mechanical stirrer, and a 
condenser leading to a bead tower filled with sodium hydroxide for absorp- 
tion of COz.. The top of the condenser is connected to a vacuum line and 
gentle suction is applied throughout the reaction period to draw off COs. 

Serine-3-C™, in an amount of 10 mmoles, is dissolved in 50 ml. of water, 
the solution is placed in the 100 ml. 3-necked flask, and, while stirring me- 


* This work was aided by grants from the National Cancer Institute of the Na- 
tional Institutes of Health, the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and the United States Atomic 
Energy Commission, contract No. AT (80-1)777. 

t The work related to glycogen isolation and degradation will constitute part of a 
thesis to be submitted by Herman Levin to the Graduate Council of Temple Uni- 
versity in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy. 
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chanically, 0.75 ml. of 85 per cent phosphoric acid is added, followed by 
3.60 gm. (20 mmoles) of ninhydrin. The flask is then heated by means of 
a water bath at 55—60° until the supernatant solution is colorless (about 
90 minutes). The precipitate is filtered and the filtrate is shaken for a few 
minutes with about 2 gm. of Darco absorbent charcoal. The treatment 
with charcoal is repeated once and the supernatant solution is shaken with 
successive portions of Amberlite MB-3 ion exchange monobed resin until 
the blue color of the resin persists. This treatment removes excess nin- 
hydrin, ammonium phosphate, and phosphoric acid. The only carbon- 
containing materials present at this stage are glycolaldehyde and about 
5 per cent glyoxal. The yield is 80 to 85 per cent. Although it was not 
found possible to isolate this product in pure form, the identity of the ma- 
terial in solution was established by means of the following observations, 

The solution is free of nitrogen determinable by the Kjeldahl reaction, 
does not give any color with ninhydrin, and yields no ninhydrin-sensitive 
spots when chromatographed on paper. When an aliquot of this solution 
was oxidized with persulfate (12), the resultant CO, had a specific activity 
exactly 1.5 times that of the original serine. The content of bisulfite-bind- 
ing material checked closely with the carbon content as determined by per- 
sulfate oxidation. On oxidation with periodate according to the method 
of Reeves (13), the calculated yields of formaldehyde and formic acid were 
obtained. The specific activity of the formaldehyde was twice that of the 
whole solution, whereas the formic acid had only 3 to 7 per cent of the activ- 
ity of the formaldehyde. These findings are consistent with the probabil- 
ity that the solution contains essentially only glycolaldehyde-2-C"™ together 
with a small quantity of glyoxal. 

On treatment with dimedon according to the procedure of Goepfert and 
Nord (14), the solution yields a crystalline product, m.p. 218°, as compared 
with a reported value for the addition product of 224-226° (14). On treat- 
ment with excess 2 ,4-dinitrophenylhydrazine in 2 N HCl it yields the osa- 
zone, m.p. 322°; reported figure, 329° (15). 

Glycine Formation—In all of the experiments to be reported, young, adult, 
male rats of our stock colony Carworth Farms strain, weighing about 200 
gm., were used. These were routinely fed on Allied Mills rat checkers and 
were fasted for 24 hours prior to their use in these experiments in order to 
avoid complications due to exogenous metabolism. The experiments were 
conducted exactly as described previously for other 2-carbon acids (7). A 
solution of the labeled glycolaldehyde, in an amount between 0.2 and 04 
mmole, was injected intraperitoneally, along with 1 mmole of sodium ben- 
zoate. The rat was then placed in a metabolism chamber where respira 
tory CO, was collected during the ensuing 6 hours. The urine, collected 
for 24 hours, was treated for the isolation of hippuric and oxalic acids. 
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The results of four such experiments are listed in Table I. From 5 to 15 
per cent of the administered aldehyde was converted to glycine of hippuric 
acid, from 9 to12 per cent was oxidized to COs, and about 0.5 per cent was 
converted to oxalic acid. Reference to a previous publication (7) reveals 
that this metabolic behavior is strikingly similar to that of glycolic and gly- 
oxylic acids and that of glycine itself. Weissbach and Sprinson (6) have 
shown that ethanolamine-1-C™ readily yields glycine-1-C™ in the rat and 
suggested that this transformation proceeds via glycolaldehyde and gly- 
colic and glyoxylic acids. Pilgeram et al. (16) and Abbott and Klingman 
(17) also found a limited conversion of ethanolamine to glycine in the rat, 
and Kun et al. (18) have also shown recently that glycolaldehyde is oxidized 


TABLE I 
Metabolic Transformation of Glycolaldehyde-2-C'4 in Intact Rat 
The experimental details are given in the text. 











Glycolaldehyde onihy, per cent 
‘ Gl lald h d " recovered in 
— *‘amount 7 Co metabolite added 
7 injected Hippuric | Oxalic | Carbon | Formic 
acid acid dioxide acid 
mmole 

1 0.31 Sodium benzoate 5.7 9.4 
2 0.31 rs = 5.5 0.5 12.4 
3 0.37 = a 12.1 0.5 8.9 
4 0.37 “ 15.5 0.4 10.2 
5 0.23 xg formate 2.0 13.9 1.30 
6 0.23 - ” 12.0 1.29 


























to glycolic and glyoxylic acidsin rat liver. The present results, in conjunc- 
tion with these preceding studies, indicate that there is a rapid conversion 
of glycolaldehyde to glycine in the rat. That this is a direct process is fur- 
ther indicated by our observation that on decarboxylation of one of these 
glycines with ninhydrin essentially all (96 per cent) of the activity of gly- 
colaldehyde-2-C™ was found in carbon 2 of glycine. 

Conversion to Formic Acid—It was already found in earlier experiments 
in which the “trapping” technique was employed (8) that the a-carbons of 
glycolic and glyoxylic acids, as well as of glycine, were slowly converted to 
formic acid in the rat. Two similar experiments were conducted with gly- 
colaldehyde-2-C™. The results, as shown in Experiments 5 and 6 of Table 
I, again indicate the similarity in the metabolic routes of glycolaldehyde 
and these other 2-carbon acids; under the conditions used, from 0.5 to 2.5 
per cent of these acids was converted to formate, whereas about 1.3 per 
cent of glycolaldehyde was thus converted. 
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Oxidation to CO.—In all of the experiments cited, approximately 10 per 
cent of the administered labeled glycolaldehyde carbon was oxidized to CQ, 
in the 6 hour CO, collection period (Table I). The excretion curves fol- 
lowed closely those obtained in similar previous experiments with glycine, 
glycolate, and glyoxylate (8), further emphasizing the close metabolic rela- 
tionships of these substances. From these and the previous results (8, 10) 
a probable major pathway for the combustion of glycolaldehyde is the fol- 
lowing: glycolaldehyde — glycolic acid — glyoxylic acid —- CO2 + formic 
acid — COs. 

Unknown Products of Glycolaldehyde Metabolism—The above mentioned 
products account for only about 25 per cent of the total administered gly- 
colaldehyde. In view of the rapid conversion to glycine, it may be assumed 
that the glycine excreted as hippuric acid represents a minimal value which 
may be far below the actual conversion to this substance; much glycine 
must also have been incorporated into protein or undergone metabolism to 
other products. Oxidation of the total urinary carbon by means of persul- 
fate (12) disclosed that about 13 per cent of the dose was present in the 
urine in unknown form. Experiments with added carriers indicated that 
it was not present in appreciable amounts as urea, carbonate, creatine or 
creatinine, glucose, or glycolaldehyde. No free glycine or other amino 
acids were detectable in greater than normal amounts. The identity of 
this urinary glycolaldehyde metabolite is being investigated further. 

Acetate Formation—To ascertain the extent of acetate formation from 
glycolaldehyde in the intact rat, the incorporation of glycolaldehyde carbon 
into the acetyl derivative of a-amino-y-phenylbutyric acid! was studied ae- 
cording to the procedure of Bloch and Rittenberg (9). A male rat weigh- 
ing 165 gm. was given 0.28 mmole of glycolaldehyde-2-C™ intraperitoneally 
and 200 mg. of sodium pDL-a-amino-y-phenylbutyrate by stomach tube. 
The aldehyde had a specific activity of 20,500 c.p.m. In 6 hours 16.5 per 
cent of the activity was excreted in the respiratory CO.. From the urine 
excreted in 6 hours, 50 mg. of the acetyl derivative were obtained according 
to the procedure of Bloch and Rittenberg (9). To this were added 151 mg. 
of non-isotopic acetyl derivative, giving a mixture with an activity of 1500 
c.p.m. On recrystallization the activity dropped to 29 c.p.m. and ona 
second crystallization it dropped to 3 c.p.m. An additional 116 mg. of 
acetyl derivative were isolated from the 6 to 24 hour urine collection, having 
an activity of 28 c.p.m.; on recrystallization the activity dropped to zero. 

In a second experiment, conducted similarly, 150 mg. of acetyl deriva- 
tive were isolated from the 24 hour urine collection. 1 mmole of non- 
isotopic sodium acetate was added as a carrier, and the acetyl group was 
hydrolyzed by prolonged boiling with 20 per cent NaOH. The solution 


1 We are grateful to Dr. David Sprinson for kindly supplying this material. 
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was acidified, and the acetic acid was distilled, yielding 1.47 mmoles. This 
was neutralized with sodium hydroxide and evaporated todryness. It had 
no measurable radioactivity. 

To test further the occurrence of this transformation, and to learn some- 
thing of the metabolic behavior of glycolaldehyde in vitro, an experiment 
was conducted with rat liver slices, in the manner employed previously to 
ascertain the extent of conversion of glycine to acetyl groups (10). The 
transformation of glycolaldehyde-2-C™ and acetate-2-C™ to COs, and to 
acetoacetate, fatty acids, and “unsaponifiable lipide,” was estimated (19). 
The results of this experiment are shown in Table II. As expected from 


TABLE II 
Metabolic Activity of Glycolaldehyde-2-C™ in Rat Liver Slices 
The experiments and calculations were conducted exactly as described previously 
(19) with approximately 5 gm. of tissue slices and an incubation time of 4 hours at 
37°. The oxygen uptake values for acetate-2-C™ and glycolaldehyde-2-C™ are 920 


and 740 ywmoles, respectively. The values are given in microatoms of substrate 
carbon converted. 

















Substrate 
Metabolic conversion 
Acetate-2-C™ Glycolaldehyde-2-C™ 
I oe oe Sone ay ve Hee 9.75 2.56 
| ae 11.2 0.02 
ME NI Sse ees velba decae te oteee oy 1.93 0.04 
Unsaponifiable lipides*................... 725 12 





* Since no attempt was made to isolate pure cholesterol, the values given are of 
the unsaponifiable fraction as such in counts per minute per standard dish, as de- 
termined by our usual counting procedure (19). 


previous work (19), acetate underwent all four transformations readily. 
However, glycolaldehyde, though oxidized to COs, was only negligibly con- 
verted to acetoacetate, fatty acids, or cholesterol. It has already been 
established that an acetyl precursor such as lactic acid readily yields acetyl 
groups for acetoacetate formation in liver slices, whereas glycine does not 
(10). It can therefore be concluded that glycolaldehyde is not readily con- 
verted to acetyl groups in the rat liver slice. 

Conversion to Glycogen—Two male rats, fasted 24 hours, were each given 
an intraperitoneal injection of glycolaldehyde in 1 ml. of saline solution, and 
at the same time given 5 mmoles of non-isotopic glucose in 3 ml. of water by 
stomach tube. The animals were sacrificed 4 hours later, the livers were 
excised, and the glycogen was isolated therefrom by the procedure of Good, 
Kramer, and Somogyi, as modified by Boxer and Stetten (11). For com- 
parison, similar experiments were conducted with glucose-C™ and with 
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labeled lactic and pyruvic acids, serine, and glycine. The amounts admin- } 90‘ 
istered, the type of labeling, and the results obtained are listed in Table III. } onve 
Glycolaldehyde was converted to glycogen in the rat; however, the rate, as }ijon o 
judged by the incorporation of labeled carbon, was relatively low when com- }jower 
pared with that of carbon from pyruvate or from serine or glycine. In view | nethy 
of the rapid conversion of glycolaldehyde to glycine, already observed, the | jrawr 
data indicated that probably no direct incorporation of glycolaldehyde oc- | jt js t) 
curred, but that it passed through the stages of glycine, serine, and triose | jor ra 
in its conversion to glycogen. The 
This interpretation is borne out by the results of the degradation of these | mall 
glycogens, whereby the distribution of labeled carbon in each of the carbons |The ¢ 
of the glucose molecule was ascertained. nang, 
Degradation of Glycogen—An amount of glycogen corresponding to }Kend: 
1 mmole of glucose is hydrolyzed by boiling in 2 n H,SO, for 2 hours, and] The 
the solution is cooled and neutralized. It is then added to 150 ml. of 0.05 }hon 4 
M phosphate buffer, pH 6.5, contained in a 300 ml. flask carrying a lead in }glucos 
tube and connected with a bead tower for CO; absorption in 0.5 m NaOH. }hisulfi 
The bacteria, a strain of Leuconostoc mesenteroides kindly provided by |gnd ¢] 
Dr. Martin Gibbs,’ were cultured as described by Gunsalus and Gibbs (20).|of pot 
The cells are grown in 10 ml. batches and used to inoculate 125 ml. of broth, | heate; 
which is incubated at room temperature (about 30°). When gas evolution grade 
becomes vigorous (10 to 14 hours), the bacteria are centrifuged, wall lteoo 
once with distilled water, and recentrifuged. Washed cells from 250 ml. tailed 
of broth are added to the glucose solution and the contents are incubated pijlity, 
at room temperature for 5 hours. During this time nitrogen, washed with; Djs 
alkali and pyrogallol, is passed through the solution and into the bead tower,|¢t gj. 
The fermentation occurs quantitatively, and without appreciable dilu-lagreey 





tion by endogenous bacterial carbon, as follows: acid, 
6 ie _ 1 pound 
CH,OHCHOHCHOHCHOHCHOHCHO — mann 
and 4. 

6 5 4 . 1 |domis 


CH;CHOHCOOH + CH;CH:0H + C0; earbot 


Isolation of the CO, and further degradation of the ethanol and lactic/#mple 
acid afford a simple and reliable method for separate assays of each glucose|'ats 7 
carbon. These were conducted in the following way. 

The bacteria are centrifuged out of the incubation mixture, which is th glycog 
made basic with NaOH. The ethanol is separated from the lactate by} * Lo 
distillation into an ice-cooled flask containing 1 gm. of potassium dichrof ‘In 
mate. The distillate is made 4 N with H.SO, and then heated for 2 hou ar ' 





umbe 

? Our thanks are due to Dr. Martin Gibbs for supplying detailed directions f term “* 
the growth of the bacteria and their use in glucose fermentation. distrib 
same a 
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dmin- };¢ 90° in an oven (21). The resulting acetic acid is steam-distilled twice, 
le III. |onverted to the sodium salt, and decarboxylated by the Phares modifica- 
ate, as |iion of the Schmidt reaction (22), the CO, being trapped as usual in a bead 
n com- jiower containing CO,-free NaOH. The solution containing the residual 
n view |nethylamine is made basic with NaOH and the liberated methylamine is 
ed, the | rawn by suction into a bead tower containing an excess of 0.5 N H.SOx,. 
de oe- ||t is then oxidized with persulfate (12) and the CO: is collected and assayed 
| triose | jor radioactivity. 
The basic, residual solution containing sodium lactate is evaporated to a 
f these | mall volume, acidified, and extracted continuously for 24 hours with ether. 
arbons |The ether is evaporated and the lactic acid is oxidized by potassium per- 
nanganate and degraded according to the procedure of Friedmann and 
ing to|Kendall (23) as modified by Lorber.* 
rs, and] The CO, thus obtained from the lactic acid is derived from glucose car- 
of 0.05 }bon 4, and the next 2 carbons, corresponding to the 5 and 6 carbons of 
lead in }gucose, are trapped as acetaldehyde in a bead tower containing sodium 
NaOH. |bisulfite. The aldehyde-bisulfite complex is broken up with K,HPO,-7H2O 
ded by}and the aldehyde is collected in water in a cooled flask containing 1 gm. 
08 (20).Jof potassium dichromate. This solution is made 4 n with H,SO, and 
broth, ‘heated for 2 hours at 90° in an oven. The resulting acetic acid is de- 
olution|graded as described above. These procedures were tested with labeled 
washed glucose, lactates, and acetates and found to yield reliable results. A de- 
250 ml. tailed description of this degradation procedure, as well as tests of its relia- 
subated bility, has been published recently by Bernstein et al. (24). 
ed with| Distribution of Precursor Carbons in Glycogen‘—The studies of Lorber 
d tower.|et al. (25), Topper and Hastings (26), and Landau et al. (27) are in good 
le dilu-lagreement in indicating that, in the formation of glycogen from pyruvic 
acid, the immediate precursors of the hexose chain are two 3-carbon com- 
pounds completely or very nearly in equilibrium. These couple in such a 
manner that pyruvate carboxyl carbons appear only in glucose carbons 3 
and 4. Also, carbons 2 and 3 of pyruvate become nearly completely ran- 
domized among carbons 1, 2, 5, and 6 of glucose, and both of these pyruvate 
carbons also migrate appreciably to positions 3 and 4 of glucose. For ex- 
.d lacticjample, Lorber et al. (25) found that the administration of lactate-3-C™ to 
. glucose|'ats in vivo gave a C** distribution of the following type in glucose from liver 
24 20 6 6 20 24 
h is thenglycogen: C—C—C—-C—C—C. Landau et al. (27) found that glycogen 
etate by} * Lorber, V., private communication. 
1 dichrof ‘In this section the distribution of C™ in glucose is portrayed in percentage of the 
. 2 how total contained in each glucose carbon; where differentiation has been made the 
numbering of the glucose carbons proceeds from left to right, as in Table IV. The 
stions form “‘symmetry”’ in reference to glycogen in this paper means a symmetry of C"* 


distribution in glucose carbons, such that carbons 3, 2, and 1, respectively, have the 
same activities as carbons 4, 5, and 6, respectively. 





1 
I+ CO; 
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synthesized by rat liver slices in the presence of pyruvate-2-C™ had the 

16 21 12 12 21 19 
following C™ distribution in its glucose carbons: C—C—-C—C—C—{, 
These distributions are similar on the whole to those obtained in the pres. 
ent study, by using a degradation procedure which allows an independent 
assay of each glucose carbon.’ Administration of pyruvate-3-C™ led to 
the following essentially symmetrical isotope distribution as shown in Table 

24 18 7 8 22 22 

III: C—C—C—C—C—C. From lactate-2-C", an appreciable quantity 


TaBLeE III 
Conversion of Glycolaldehyde-2-C'4 and Other Labeled Substances 
to Glycogen in Intact Rat 
Labeled substances were administered intraperitoneally while at the same time 
10 mmoles of unlabeled glucose were given by stomach tube. 4 hours later, the 
animals were sacrificed and liver glycogen was isolated and assayed. 























Liver glycogen 
Substance injected Amount injected me sem Relative Administered 
calculated specie am 
as glucose 

mmoles mmoles per cent per cent 
Glycolaldehyde-2-C™............. 0.50 2.10 0.18 2.2 
si pipes oad othe 0.57 2.32 0.17 2.3 
Glucose-U-C™*................. 10.10 2.08 42.8 15.0 
. ee Meee 9.80 2.40 48.8 12.0 
Pyruvic acid-3-C’%.............. 0.52 1.98 0.59 4.5 
SE ois 0 62 65.55 0scs ceuewees 0.49 2.02 0.57 4.7 
Glycine-2-C™................... 0.66 1.74 0.38 3.9 





* Uniformly labeled glucose. 


of isotope appeared in carbons 1, 3, 4, and 6 in addition to the expected pre- 
17 24 7 8 25 19 
ponderance of activity in carbons 2 and 5, e.g. C—C—-C—C—C—C. 
The formation of a glycogen whose glucoses are symmetrically labeled 
around carbons 3 and 4 may be regarded as evidence of a 3-carbon stage i 
their synthesis. In previous studies on the rat by Sakami (30) and on the 


5 In contrast with the results of this study and those cited, Schambye et al. (28), 
using the same degradation procedure, found that glycogen arising from glycerol-l- 
C4 administered to rats had 1.4 to 2.4 times as much activity in carbon 3 as in carbo 
4. Results consistent with an asymmetric distribution of glycerol carbons in live 
glycogen were also reported by Landau et al. (27); however, a symmetrical distribv- 
tion of glycerol carbon in rat liver glycogen was observed in similar experiments by 
Doerschuk (29). 
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chick by Bernstein (31), it was found that glycine yielded liver glycogen 
with a symmetrical distribution around carbons 3 and 4, and this was attrib- 
uted to the intermediary intervention of 3-carbon compounds such as 
serine and pyruvate in this process. On this basis, symmetrical labeling in 
glycogens obtained in these experiments from glycine-l- and 2-C™ indi- 
cates that most or all of the glycine is transformed via 3-carbon intermedi- 
ates. That serine represents one of these steps is further indicated by the 
34 12 5 
symmetrically labeled glycogen derived from serine-3-C™, viz. C—C—C— 
5 12 32 


c—C—C.6 

20 26 5 6 
With glycine-2-C™, the glycogen-C" distribution was C—C—C—C— 
2% 20 21 26 6 7 22 19 


C—C; with glycolaldehyde, it was C—C—-C—C—C—C. These essen- 
tially identical distribution patterns, in the light of this discussion, strongly 
indicate a common path for glycogen formation from glycolaldehyde and 
glycine via serine and triose. If glycolaldehyde as such were readily ac- 
tivated for participation in transketolase reactions, a preponderance of its 
activity should have appeared in carbons 1 and 2 of hexose (2, 3). Thus 
it appears either that the activation of glycolaldehyde to form an active 
enzyme complex may be limiting, or that the transketolase reactions may 
be relatively slow compared with the glycine-serine-triose pathway. 


6 It has been pointed out previously by Lorber et al. (25), by Topper and Hastings 
(26), and by Landau et al. (27) that most of the pyruvate undergoing conversion to 
glycogen does so indirectly, after first undergoing reactions (carboxylation, citric 
acid cycle, conversion to acetate, etc.) leading to randomization of carbons 2 or 3 
among all 3 carbons. From previous considerations (25-27), in glucose formation 
from pyruvate-3-C™, the difference in percentage of C™ between glucose carbons 
(1 + 6) and (2 + 5) is a measure of the direct phosphorylation of pyruvate and re- 
versal of glycolysis. This pathway is relatively small with pyruvate-3-C™; the 
difference between (24 + 22) and (18 + 22) = 6 per cent. With lactate-2-C™ the 
difference between (C2 + Cs) and (C; + Cg.) was somewhat higher, viz. 49 — 36 = 13 
per cent. With serine, the picture was quite different; randomization was far less 
complete, and the difference in this instance between (C, + Ce) and (C2 + Cs) was 
66 — 24 = 42 percent. This direct conversion of almost half of the serine molecules 
to glucose suggests that pyruvate as such may be largely by-passed in the conversion 
of serine to glycogen. It is possible that serine undergoes transamination to hy- 
droxypyruvic acid and thus enters the glycolytic process at a higher stage than 
pyruvate, possibly via glyceric acid (32, 33). The experiment cited is ambiguous, 
however, since pL-serine-3-C™ was used. The distribution of carbon 3 of p- and 
L-serine in glycogen is now under further investigation; if the low degree of randomiza- 
tion is confirmed for t-serine, this will indicate that serine carbon enters the path- 
ways of sugar metabolism above the pyruvate stage and will enable the reconcilia- 
tion of the glycogenic activity of serine with its sluggishness in forming acetyl groups. 
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The possibility was considered that unsymmetrically labeled glucose 
may have been formed in these experiments, but underwent a subsequent 
randomization. However, this was rendered unlikely by the observation, 
as shown in Table IV, that glucose-1-C' under similar conditions yielded 
glycogen with 79 per cent of its activityin carbon 1. ‘Thus any asymmetry 
of labeling, had it occurred, should have been detected. This finding is in 
accord with the pattern of glycogen labeling observed by Hers (34) after 
administration of glucose-1-C™, and by Bernstein et al. (24) after adminis- 
tration of glucose-2- or 6-C", 


TaBLe IV 


Distribution of C'* among Glucose Carbons of Liver Glycogen Isolated after 
Administration of C'4-Labeled Precursors 


The values for each carbon are given in per cent of total radioactivity in glycogen, 
































Glucose carbon No. 
Substance injected 

1 2 3 4 5 6 
Glycolaldehyde-2-C™..........] 21 26 6 7 22 19 
Glycine-2-C™"................ 20 26 5 6 24 20 
SS 34 12 5 5 12 32 
Pyruvic acid-3-C"%...........] 24 18 7 8 22 22 
Lactic acid-2-C™’............. 17 24 7 8 25 19 
Glucose-U-C™....... ....... 17 22 19 16 15 21 
Glucose-1-C™................. 79 4 3 3 4 8 

DISCUSSION 


Glycolaldehyde, having been isolated by Neuberg and Rosenthal as a 
product of fermentation by yeast (35), was suggested very early as a pos- 
sible metabolic intermediate (1, 35). More recently it was found to be a 
product of metabolism of ethylene glycol in fusaria (14) and in Acetobacter 
acetigenum (36) and was also obtained in culture media of the latter organ- 
ism growing on D-xylose or L-arabinose (10). As far as we are aware, these 
are the only recorded instances of its isolation from biological sources. 
However, it is becoming increasingly apparent that a complex of diphos- 
phothiamine and glycolaldehyde is transiently formed in a variety of trans- 
ketolase reactions (4). If this complex has an independent existence, it 
might serve as an intermediate in the transformation of sugars to glycine 
or to acetyl groups and might conceivably also provide a path whereby gly- 
cine, acetate, or related substances may be interconverted or be trans 
formed to sugars, as shown in the accompanying diagram. 


Hexose > > acetyl groups 
Pentose = netehteigee 2 glycine 
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Gest and Lampen (37) observed the conversion of p-xylose-1-C™ to ace- 
tate-2-C™ in Lactobacillus pentosus, and a similar transformation of L-arab- 
inose-1-C™ was reported by Rappaport et al. (38). Sprinson and Weliky 
(5) reported that p-ribose-1-C™ or p-xylose-1-C™ gave high yields of ace- 
tate-2-C™ in the intact rat and suggested glycolaldehyde as an intermedi- 
ate. However, the present data appear to exclude glycolaldehyde as such 
as an efficient precursor of acetyl groups in the rat. 

Weissbach and Horecker (39) observed that extracts of spinach leaves 
converted ribose to glycine. However, Greenberg and Sassenrath (40) 
could not detect the formation of C-labeled glycine in the rat from arab- 
inose-1-C* or ribose-1-C“. In our own laboratory, ribose-1-C™ yielded a 
small amount of labeled glycine for hippuric acid formation in the intact 
rat, but the amount was of the same order as that given by labeled hexoses.’ 

Regarding the reverse transformations, von Euler (41), Forrest et al. 
(42), and McGeown and Malpress (43) observed pentose formation from 
glycolaldehyde and trioses in various tissue preparations. Bernstein also 
has presented isotopic tracer evidence to indicate that probably not all of 
the glycine and acetate carbons converted to ribose in the chick follow a 
pathway involving hexose and has suggested a direct C. + C3; condensation 
as an alternative (31, 44). However, a similar direct involvement of a C2 
unit in hexose formation was contraindicated, as it is in the present experi- 
ments, by the symmetrical distribution of both glycine and acetate carbons 
in the liver glycogen. 

Anker (45) and Hégstrom (46) observed a low incorporation of labeled 
acetate into hippuric acid glycine in rats fed sodium benzoate. However, 
both investigators discounted a direct transformation, finding that their 
data were in accord with an indirect pathway for this transformation; e.g., 
acetate —> oxalacetate — pyruvate — serine — glycine, rather than a 
direct path such as acetate — glycolaldehyde — glycine. 

Attempts by early investigators to determine the glycogenic capacity of 
glycolaldehyde by balance experiments in intact animals were inconclusive 
and contradictory (1, 47), owing principally to the toxicity of glycolalde- 
hyde, which prevents its administration in sufficiently large amounts to ob- 
tain decisive results. Though the present data clearly indicate that glycol- 
aldehyde is “glycogenic,’’ when they are considered in the light of these 
previous studies, there appears to be little evidence for the participation of 
glycolaldehyde as such in the metabolism of either hexoses or acetate. The 
only gateway now experimentally demonstrable for the entry of glycolalde- 
hyde carbon into general metabolism is glycine, and its appearance in gly- 
cogen stems presumably from a metabolic sequence of the type glycine — 
serine — pyruvate (or hydroxypyruvate) — glucose. If more direct path- 


7 Unpublished observations. 
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ways are utilized for sugar or acetate formation from glycolaldehyde, these 
must occur at a relatively low rate. 


SUMMARY 


Glycolaldehyde-2-C“ was synthesized by decarboxylation of pL-serine- 
3-C™, and its metabolism was studied in the rat. It was found to be oxi- 
dized readily to CO: and to glycine and to be converted slowly to formic and 
oxalic acids and glycogen, but was not converted appreciably to acetate, 
A symmetrical distribution of glycolaldehyde carbon 2 in glycogen, the 
same as was observed for glycine carbon 2, clearly indicated that a 3-carbon 
intermediary is involved in the conversion of both substances to glycogen, 
and that glycine is probably an intermediate in glycogenesis from glycolalde- 
hyde. The data do not support the likelihood of an appreciable participa- 
tion of administered glycolaldehyde as such in reactions involving trans- 
ketolase. 
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METABOLIC PATHWAYS OF HOMOSERINE IN 
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The importance of homoserine in the metabolism of amino acids in a va- 
riety of living forms is now well established. This amino acid was found 
to be the common precursor of methionine and threonine in Neurospora 
crassa (1). Enzymes involved in the conversion of aspartic acid to threo- 
nine via homoserine have been studied in Escherichia coli (2-5) and in bak- 
ers’ yeast (6-8). The presence of homoserine (9) and its derivatives (10, 
11) has been demonstrated in various plants. In intact rats at least a part 
of the reported de novo synthesis of methionine seems to utilize the carbon 
skeleton of homoserine lactone (12). The metabolic formation of homo- 
serine in mammals from methionine has been suggested from the study of 
the cleavage of cystathionine (13), and evidence for such conversion has 
been reported from this laboratory (14). In continuation of the studies 
on the metabolic fate of the main carbon chain of methionine, the investiga- 
tion reported in this paper was undertaken in order to clarify the course of 
homoserine metabolism. 

Using pt-homoserine-2-C™“, we have been able to isolate and identify 
a-ketobutyric, a-hydroxybutyric, a-amino-n-butyric, and propionic acids 
by chromatographic means (cf. Figs. 1 and 2, and Table I). 

That homoserine is converted into a-ketobutyric acid in a rat liver sys- 
tem has been reported previously by Carroll, Stacy, and du Vigneaud (13), 
who isolated and identified the compound. The present study confirms 
this finding and also demonstrates that a-ketobutyric acid is aminated to 
a-aminobutyric acid, probably by transamination, and that glutamic acid 
is probably the principal, if not the sole, amino donor in the transamina- 
tion. The effects of additions of glutamic acid and a-ketoglutaric acid to 
dialyzed and non-dialyzed rat liver enzyme systems are presented in Table 
I. This and our previous finding that homoserine is metabolically formed 
from methionine explain the observation of Dent (15) of an increased ex- 


* Aided by research grants from the National Cancer Institute (Nos. C327 and 
(2327), United States Public Health Service, the American Cancer Society (recom- 


mended by the Committee on Growth), and the Cancer Research Funds of the Uni- 
versity of California. 
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cretion in the urine of a-aminobutyric acid in a human subject following 
the oral administration of methionine. Such an explanation has been sug- 
gested previously by Carroll e¢ al. (13). 

No ammonia was formed when O-acetyl-pL-homoserine was incubated 
with a rat liver extract which converts free homoserine to a-ketobutyric 
acid and releases ammonia into the reaction mixture. This is analogous 
to the reported inactivity of serine and threonine dehydrases upon the de- 
rivatives of these B-hydroxyamino acids in which the 6-hydroxyl hydrogen 
was substituted (16). It should be pointed out that the substitution of 
the hydroxyl hydrogen of homoserine with an acetyl group increases the 


TABLE I 
Distribution of Label of pu-Homoserine-2-C in Incubation Products 
Incubation mixture, pL-homoserine-2-C™, 1.7 wmoles (0.6 ue., 3.7 X 105 ¢.p.m.); 
rat liver extract, 5 ml. (see the text); and 20 wmoles of a-ketobutyric acid or L-glu- 
tamic acid, as indicated. The labeling of the metabolites is expressed in per cent 
of the total recovery of radioactivity, which represents 75 to 80 per cent of the start- 
ing radioactivity. 





Rat liver preparation 








ar Non-dialyzed Dialyzed 
Control + a- 
Control keto-n-butyric Control Control +. 


ack glutamic acid 





PropaeGas O600....... 2.006005. 1.2 0.6 4.0 Ld 
a-Ketobutyric acid............. I 16.6 14.8 0.2 
a-Hydroxy-n-butyric acid...... 11.5 18.2 17.2 17.6 
a-Amino-n-butyric acid....... 40.7 20.8 22.5 45.7 
ee, ee eee ar 14.3 38.3 39.7 3.15 

















rate of oxidative deamination of homoserine by an ophio-L-amino acid oxi- 
dase.! This fact indicates that the acetyl substitution interferes with the 
conversion of homoserine to a-ketobutyric acid and suggests that dehydra- 
tion is involved in the deamination mechanism. 

The formation of a-hydroxybutyric acid can be explained by the action 
of certain dehydrogenases and the tendency toward equilibrium, in the in- 
cubation mixture, between a-ketobutyric acid and this compound. Thus, 


1 Unpublished observations of the authors with L-amino acid oxidase of moccasin 
venom (Aghistrodon piscivorus). pvL-Homoserine is a very poor substrate for this 
enzyme. Substitution of the hydroxyl hydrogen by an acetyl group raised the Qo, 
value at 37° approximately 10-fold. (Qo. values for homoserine, O-acetylhomoserine, 
and leucine, determined on pL compounds and calculated for the L isomers of the 
enantiomorphs, are 13, 140, and 444, respectively.) 
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wing the L-amino acid oxidase of liver isolated by Blanchard et al. (17) has a 
sug- higher activity on L-a-hydroxy acids than on L-amino acids. Also, lactic 
dehydrogenase of muscle has been reported to be active in reducing a-keto- 
sated butyric acid (18). We have observed that incubation of radioactive a-keto- 


ityric butyric acid? with the rat liver extracts used in the present investigation 
ogous yielded radioactive a-hydroxybutyric acid. 

1e de- On the basis of the above findings we propose the metabolic pathway for 
rogen homoserine, in the rat liver system studied, presented in Diagram 1. That 
on of a-ketobutyric acid is the first product in the pathway of metabolism was 
»s the demonstrated by an experiment in which radioactive homoserine was in- 


cubated with an enzyme fraction precipitated between 33 to 66 per cent 


* 
HO—CH.—CH.—CHNH:.—C 00H 


p-m.); Homoserine 

 L-glu- 

er cent * * * 

>start- |CH;—CH:—CHOH—COOH = CH;—CH:—CO—COOH = CH;—CH:—CHNH:—COO0OH 
a-Hydroxybutyric acid a-ketobutyric acid a-aminobutyric acid 


« 1 
— CH;—CH:—C OOH 
Propionic acid 








trol + 
mic acid 
1 
11 Tricarboxylic acid cycle 
0.2 DraGcramM 1. Sequence of reactions in the catabolism of homoserine-2-C" illus- 
7.6 trating the expected appearance of radioactive carbon-containing intermediates. 
15.7 
3.15 


ammonium sulfate saturation. This fraction virtually yielded only radio- 
active a-ketobutyrate and no other radioactive products. 
cid oxi- No significant amount of radioactivity was incorporated into homocys- 
ith the teine, methionine, threonine, or alanine. These compounds, if formed, 
shydra- | should easily have been detected by our chromatographic procedure. Par- 
ticipation of homoserine in an oxidative deamination or a transamination 
s action | reaction could not be demonstrated, because we could isolate neither radio- 
‘the in- | active a-keto-y-hydroxybutyric nor a-keto butyrolactone from the reaction 
Thus, | mixtures. Since no labeling of pyruvate, 6-hydroxypropionate, or alanine 
occurred, metabolism of homoserine through a-keto-y-hydroxybutyric acid 
an does not seem to proceed to any significant extent under the conditions of 
ved @ the experiments. If a-keto-y-hydroxybutyric acid were formed, it would 


oserine, | be expected to give 6-hydroxypropionic acid by decarboxylation, or to form 
rs of the 





* Isolated by silica gel chromatography from incubation mixtures containing 
labeled homoserine. 
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formaldehyde and pyruvic acid, if the reverse of the reaction described by 
Hift and Mahler (19) is operative. Formation of radioactive pyruvic acid 
would, in turn, lead to the formation of radioactive alanine. This negative 
finding is in accord with the observation of Patwardhan (20). 


EXPERIMENTAL 


Preparation of Rat Liver Extract—Livers of adult, Long-Evans, male rats 
(300 to 350 gm.), fasted for 18 hours, were used in the experiments. The 
liver was homogenized in a Waring blendor at half speed for 1 minute with 
2 volumes of cold 0.05 m phosphate buffer, pH 7.4. The homogenate was 
centrifuged at 300 X g for 15 minutes to remove the coarse débris, and the 
supernatant liquid was centrifuged at 4 X 10 X g for 30 minutes in the 
cold. The supernatant liquid was used, with or without dialysis against 
two portions of 100 volumes of 0.01 m phosphate buffer, pH 7.4, in the cold 
for approximately 18 hours. Similar results were obtained by using the 
crude homogenate without the higher speed centrifugation, but centrifuga- 
tion of the homogenate is desirable because it makes it easier to remove 
proteins after the incubation. 

Incubations in Vitro—0.1 ml. of the pit-homoserine-2-C™ solution, con- 
taining 1.7 umoles of homoserine (3.7 X 10° c.p.m. or 0.6 ue. of radioactiv- 
ity) was incubated anaerobically with 5 ml. of the liver extract at 37° for 1 
hour. After the incubation period the incubation vessels were immersed 
in a boiling water bath for 45 to 50 seconds and quickly chilled in running 
cold water. The coagulated proteins were centrifuged and washed twice 
with 2 ml. of water. The combined supernatant fluids were brought to 
pH 8 and dried in vacuo over calcium chloride and phosphorus pentoxide at 
room temperature. The dried material was redissolved in 0.5 ml. of water 
and acidified to pH 2 with 6 n HCI; 10 ml. of absolute ethanol were added 
to this solution, and the precipitate was removed by centrifugation. This 
procedure was repeated once, and the combined supernatant solutions were 
divided into two equal fractions and were dried in vacuo after adjusting the 
pH to 8. One of the processed incubation mixtures was assayed for the 
labeled nitrogenous compounds by chromatographing it on an acid Dowex 
50 column (Fig. 2), and the other was chromatographed on a silica gel 
column to isolate non-nitrogenous carboxylic acids (Fig. 1). 

Chromatography on Dowex 50-X8 Column—The procedure of Stein and 
Moore (21) was employed in this work. A resin bed of 0.9 X 110 cm. was 
used and the chromatograms were developed with 130 ml. of water, 200 ml. 
of 1.5 N HCl, and 250 ml. of 2.5 Nn HCl in the order mentioned. The flow 
rate was adjusted to 4 ml. per hour, and fractions were collected in 1 ml. 
volumes in polyethylene planchets and dried with infra-red lamps. 

Chromatography on Silica Gel Column—Preparation of the silica gel col- 
umn and construction of the solvent dispenser were done according to the 
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procedure of Kinnory, Takeda, and Greenberg (22). The benzene-ether 
and the chloroform-tert-amyl alcohol solvent systems described by these 
authors were used. The effluent was collected with a Technicon fraction 
collector in 80 drop fractions. This number of drops, under the particular 
set of experimental conditions, with the benzene-ether solvent system, gave 
the initial fraction volumes of 3 ml. The size of the fractions decreases as 
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Fie. 1. Silica gel column chromatogram of the deproteinized extract obtained 
from the incubation of pL-homoserine-2-C™ with a dialyzed rat liver enzyme system, 
without the addition of glutamic acid (cf. Table I, fourth column). The benzene- 
ether solvent system was employed. Similar results are obtained with the chloro- 
form-tert-amyl alcohol solvent system, except that a more complete separation of 
a-hydroxybutyric acid from pyruvic acid is effected by the latter. The minor peaks 
of radioactivity were not identified. Note that neither pyruvic acid nor B-hydroxy- 
propionic acid is radioactive. 


the concentration of ether in the solvent system increases during the course 
of the development of the chromatogram. 

Standard chromatograms had been constructed previously with the two 
solvent systems by chromatographing authentic samples of compounds re- 
lated to the present investigation singly and in combinations. It was 
learned that there is a striking parallelism between the order of elution of 
carboxylic acids in the benzene-ether mixture and their partition coefficients 
between ether and water. Collander gives the partition coefficients of 
about 300 organic compounds (23) in an ether-water system. 

Approximately 5 umoles of each of the known non-radioactive acids un- 
der study were added to the sample to be analyzed before chromatog- 
raphy in order to serve as carriers. 
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Further Identification of Intermediates—The radioactive intermediates of 
homoserine metabolism, isolated by column chromatography, were further 


identified as described below. th 
a-Ketobutyric Acid—Aliquots of the isolated a-ketobutyric acid were 
chromatographed on paper with an n-butanol-propionic acid mixture (95 2- 
parts of water-saturated n-butanol and 5 parts of propionic acid), together sO 
with aliquots of a standard preparation of the acid. The keto acid spot io 
was revealed under ultraviolet light after spraying the chromatogram with ar 
0.1 per cent semicarbazide hydrochloride and 0.15 per cent sodium acetate ar 


and heating at 110°. The radioactivity was located in the area of the ultra- 
violet-absorbing spot. 

The 2,4-dinitrophenylhydrazone was prepared from the radioactive 
a-ketobutyric acid isolated from the incubation mixture and from an au- 
thentic preparation. Both preparations were chromatographed together 
on paper with the tert-amyl alcohol-ethanol-water mixture (5:1:4). Ra- 
dioactivity was detected only on the yellow spots of the 2 ,4-dinitrophenyl- 
hydrazone. 

Propionic and a-Hydroxybutyric Acids—These compounds were isolated 
by silica gel chromatography and were rechromatographed on paper with 
n-butanol saturated with 1.5 N ammonium hydroxide according to the tech- 
nique of Reid and Lederer (24). Spots of the acids were detected by spray- 
ing the paper with an indicator solution, and the radioactivity was located 
on the chromatogram by counting sections of the paper chromatograms 
with a thin mica window counter. Precise correspondence of the radio- 
activity and the colored spots was obtained. 

a-Aminobutyric Acid—a-Aminobutyric acid was isolated by Dowex 50 
column chromatography and was rechromatographed on paper with three 
different solvents. In all cases the radioactivity coincided with the nin- 
hydrin-positive spot of the a-aminobutyric acid. The three solvents used 
were phenol-water (80:20), n-butanol-acetic acid-water (3:2:1), and col- of 
lidine-isoamy] alcohol-water (35:35:25). 

Isolation of Alanine from Homoserine Incubations—In order to prove that for 
alanine was not labeled, it was isolated from the homoserine incubations. to 
As seen in Fig. 2, homoserine is eluted from the Dowex 50 column as an Th 
unusually wide peak, which overlaps with that of alanine.* By rechro- ifie 
matographing the combined fractions, which contained the alanine on a sul 
0.9 X 55cm. column of ammonium Dowex 50 with 0.2 m ammonium for- | 4s 
mate buffer, pH 3.1, containing 40 per cent ethanol, alanine was eluted at ml 
110 to 130 ml. of the effluent, while homoserine was eluted at 75 to 88 ml.; Th 


the alanine thus isolated had no detectable amount of radioactivity. + 
3 Alanine is eluted from the Dowex 50 column at about the 265th fraction (see Fig. 2). | ° “ 
4A larger portion of homoserine was retained by the column in the form of a- BY 


amino-y-butyrolactone. chi 
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Synthesis of pt-Homoserine-2-C™ 

Synthesis—The lactone of homoserine-2-C" was prepared by modifying 
the procedure of Painter (25). 

To a solution prepared by warming 0.5 gm. of ethyl acetamidomalonate- 
2-C™ (3 wc. per mg.) in 5 ml. of absolute ethanol containing 0.056 gm. of 
sodium, 0.507 gm. of 6-phenoxyethyl bromide and 12 mg. of dry potassium 
iodide were added. The mixture was refluxed for 24 hours and cooled, and 
an additional 0.250 gm. of phenoxyethyl bromide in 2 ml. of absolute eth- 
anol containing 26 mg. of sodium was added. Refluxing was continued 
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Fic. 2. Dowex 50-X8 column chromatogram of the deproteinized extract obtained 
from the incubation of pt-homoserine-2-C™ with a dialyzed rat liver enzyme system, 
without the addition of glutamic acid (cf. Table I, fourth column). The peaks of 
radioactivity eluted by water in the early fractions are due to carboxylic acids, most 
of which are lost by evaporation in drying the fractions. 


for 18 hours; the solution was cooled, neutralized with acetic acid, and taken 
to dryness in vacuo. The residue was extracted repeatedly with dry ether. 
The ether was removed from the filtered extracts and the residue was sapon- 
ified by refluxing with 2.5 ml. of 10 per cent NaOH for 2.5 hours. The re- 
sulting solution was distilled to dryness in vacuo, water was added, and the 
distillation was repeated. The residue was refluxed for 24 hours with 7 
ml. of 6 n HCl and taken to dryness in vacuo three times, as above. 
The final residue was dissolved in water, treated with Norit, filtered, and 
concentrated to 3 ml. Pyridine was added to precipitate 280 mg. of 


_0-phenylhomoserine-2-C™ (62 per cent). The mother liquors contained 


glycine-2-C™ and additional O-phenylhomoserine-2-C™ as shown by paper 
chromatograms. 
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The product was refluxed for 19 hours with 2.5 ml. of 48 per cent hydro- 
bromic acid and evaporated to dryness three times as above. The residue 
was dissolved in water, treated with Norit, filtered, concentrated, and dried 
in vacuo over phosphorous pentoxide. The homoserine-2-C™ lactone hy- 
drobromide contained approximately 0.6 per cent glycine-2-C™“ and was 
purified finally as described below on a Dowex 50 exchange resin. The 
over-all yield of pure homoserine-2-C™ lactone, exclusive of the O-phenyl 
derivative remaining in the original mother liquors, was 38.2 per cent, based 
upon ethyl acetamidomalonate-2-C™. 

Purification—A chromatographic procedure described previously (14) 
was applied to isolate pt-homoserine-2-C" from contaminating radioactive 
glycine. Approximately 150 mg. of the lactone of homoserine-2-C™ con- 
taminated with glycine were chromatographed on a relatively short column 
(1.8 X 16 cm.) of ammonium Dowex 50, with 0.2 m ammonium formate 
buffer, pH 3.1, containing 40 per cent ethanol. Glycine was eluted from 
the column with some free homoserine in a discrete peak, and the lactone 
was eluted later, free from glycine. The portion of the chromatogram be- 
tween the two peaks showed some radioactivity; this is due presumably to 
the equilibrium between the free acid and the lactone of homoserine in acid 
solution (26). The fractions containing both glycine and homoserine were 
combined and recycled through the Dowex 50 column to improve the yield 
of glycine-free homoserine lactone. The fractions containing glycine-free 
a-amino-y-butyrolactone were combined and dried on a steam bath, and 
the ammonium formate was removed from the dried material by sublima- 
tion in vacuo at 35°. The residue from the sublimation was dissolved in a 
small amount of water and its pH was adjusted to 7.6 with sodium hydrox- 
ide. This solution was heated in a sealed Pyrex tube, together with 10 ml. 
of 15 m ammonium hydroxide at 110° for 4 hours. The ammonia was re- 
moved by drying the hydrolysate in vacuo over concentrated sulfuric acid.® 

Purity of the final solution of pt-homoserine-2-C"“ was tested by paper 
chromatography and radioautography. 

Other Preparations—O-Acetyl-pi-homoserine was prepared according to 
the method employed by Sakami and Toennies (27) for the synthesis of 
O-acetyl derivatives of serine, threonine, tyrosine, and hydroxyproline. 
a-Ketobutyric and 8-hydroxypropionic acids were kindly prepared by Mr. 


5 A paper chromatogram of an aliquot of the material obtained after the sublima- 
tion of the buffer salt, developed with n-butanol-acetic acid-water (3:2:1) as solvent, 
revealed four spots (Rp values, 0.20, 0.37, 0.41, and 0.52) of comparable radioactivi- 
ties. Of these spots, two (Rr 0.20 and 0.52) were ninhydrin-positive. Ry values of 
homoserine and its lactone on the same chromatogram were 0.20 and 0.35, respec- 
tively. Upon hydrolysis with concentrated ammonium hydroxide only the spot of 
homoserine was detected on a paper chromatogram, and no other area of the chro- 
matogram was radioactive. 
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D. C. Morrison of this laboratory. oa-Hydroxybutyric acid was prepared 
in our laboratory by the action of potassium cyanide on the bisulfite addi- 
tion product of propionaldehyde, followed by hydrolysis of the resulting 
cyanohydrin with hydrochloric acid. 


SUMMARY 


To establish the metabolic pattern of the main carbon chain of methio- 
nine, the enzymatically formed reaction products of pt-homoserine-2-C™ 
were determined upon incubation of the amino acid with rat liver homog- 
enates. The radioactive products isolated and identified were a-keto- 
butyric, a-hydroxy-n-butyric, a-amino-n-butyric, and propionic acids. It 
is concluded that the primary initiating reaction in the catabolism of homo- 
serine is the deamination to a-ketobutyric acid. 
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KYNURENINE TRANSAMINASE FROM NEUROSPORA* 


By WILLIAM B. JAKOBY{ anp DAVID M. BONNER 


(From the Department of Microbiology, Yale University, New Haven, Connecticut, and 
the National Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, December 19, 1955) 


A study of the metabolism of kynurenine in Neurospora crassa has led to 
the investigation of the enzymes responsible for the formation of kynure- 
nine (1) as well as of those forming intermediates in tryptophan and nico- 
tinic acid biosynthesis (2, 3). The present communication describes 
another enzymatic reaction in which kynurenine participates. In the pres- 
ence of an amino group acceptor kynurenine is deaminated and undergoes 
ring closure with the resulting formation of kynurenic acid. 


OH 
\ 
CCH,CHCOOH + neoooE ae + RCCOOH 
| 
NH; 0 n7C00H NH; 


That the latter half of the reaction, z.e. the ring closure of o-amino- 
benzoylpyruvic acid, may be non-enzymatic is suggested by the report of 
work on the oxidation of t-kynurenine by L-amino acid oxidase (4). The 
expected product of the reaction, o-aminobenzoylpyruvic acid, was not 
found while kynurenic acid accumulated. 

Although kynurenic acid has not as yet been found to undergo further 
degradation nor been implicated in any physiological réle, the ability to 
form this compound appears to enjoy a ubiquitous distribution. Thus, the 
transamination of kynurenine with concomitant formation of kynurenic 
acid has been reported in extracts of animal tissues (5, 6) as well as in Pseu- 
domonas fluorescens (7, 8) and Escherichia coli (9). 

The enzyme from Neurospora, kynurenine transaminase, has been found 
to utilize kynurenine and 3-hydroxykynurenine in the presence of pyridoxal 
phosphate and one of a variety of a-keto acids with the formation of kynu- 
renic acid and xanthurenic acid, respectively. 


* The work reported in this paper was supported in part by the Atomic Energy 
Commission (contract No. AT(30-1)-1017). 

{ Present address, National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland. 
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Methods 


The formation of kynurenic acid and xanthurenic acid was followed 
chromatographically. Kynurenic acid could be estimated visually on paper 
chromatograms by the intensity of its fluorescence following ultraviolet 
irradiation. No attempt was made to establish the quantity of xanthu- 
renic acid formed. 

Enzyme Assay—The assay for enzyme activity was conducted in a vol- 
ume of 1 ml. which contained the following: 60 umoles of phosphate buffer 
at pH 7.5, 12 mymoles of pyridoxal phosphate, 25 umoles of pyruvic acid, 5 
umoles of t-kynurenine (or 4 uwmoles of 3-hydroxy-pL-kynurenine), and 
the enzyme preparation. The reaction was stopped after incubation for 1 
hour at 37° with 0.2 ml. of a 10 per cent perchloric acid solution. After 
the removal of the protein precipitate by centrifugation, a 0.7 ml. aliquot of 
the supernatant solution was extracted with 0.5 ml. of water-saturated n- 
butanol. A 0.03 ml. aliquot of the butanol phase was applied to a sheet 
of Whatman No. 3 filter paper. 

For the determination of kynurenic acid the solvent mixture of Mason 
and Berg (10) or n-butanol-water-formic acid (81:12:7, volume per volume) 
was used as the developing solvent. The chromatograms were allowed to 
develop in the dark with ascending solvent flow. The Ry values of the 
compounds related to this study are shown in Table I. For the detection 
of xanthurenic acid the solvent mixture of Mason and Berg (10) was used. 
Kynurenic acid was identified by its fluorescence under an ultraviolet light 
source after a previous exposure of 10 minutes to ultraviolet light. The 
fluorescence of xanthurenic acid was detected without previous exposure 
to ultraviolet light. 

The amount of kynurenic acid formed was estimated by comparing the 
fluorescent spot produced by the unknown with the fluorescence of a series 
of spots of known kynurenic acid content which had been incubated with 
enzyme and chromatographed in a manner identical with that of the un- 
known. The method is most useful for the range of kynurenic acid con- 
centration from 10 to 70 mumoles per ml. of incubation mixture and can de- 
tect the formation of approximately 3 mumoles of the compound in such a 
mixture. 

As indicated in Table II, kynurenic acid formation is proportional to the 
enzyme concentration and to the time of incubation within the range used 
here. 

Purification—Crude cell-free extracts of N. crassa may contain sufficient 
quantities of kynurenic acid to interfere with the transaminase assay when 
growth has taken place in a medium supplemented with tryptophan. Such 
preparations also have an active kynureninase present which will convert 
kynurenine to anthranilic acid. A partial purification of the kynurenine 
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transaminase system was therefore necessary before attempting to obtain 
quantitative data concerning it. 











TABLE I 
Ry Values of Kynurenine Metabolites 
Rr 
Compound 
Solvent 1* Solvent 2° 
3-Hydroxy-pu-kynurenine............... 0.27 0.31 
NMR 5. 5555.5 Wasa Brion avcwvors 0.47 0.37 
N’-Formyl-u-kynurenine............... 0.48 0.32 
DP MUMIPOMIG BUN. ooo s cc cssccccsveveves 0.67 0.72 
| a en 0.77 0.76 
3-Hydroxyanthranilic acid............ ; 0.81 0.81 
ee 0.93 0.87 











* Solvent 1, solvent of Mason and Berg (10), methanol-n-butanol-benzene-water 
(2:1:1:1, volume per volume); Solvent 2, n-butanol-water-formic acid (81:12:7, 
volume per volume). 


TaBLeE II 


Proportionality of Kynurenic Acid Formation with Respect to Enzyme 
Concentration and Time of Incubation 
Substrate, 5 umoles of kynurenine. 








Protein Duration Kynurenic acid formed 
mg. per ml, min. mpmoles 

0 60 0 

0.77 60 15 

1.54 60 30 

2.31 60 45 

2.31 0 0 

2.31 20 15 

2.31 40 30 

2.31 60 45 











Batches of 100 ml. of cell-free extract were treated with protamine sulfate 
and Norit in the same manner as previously described (1). The super- 
natant fluid from this treatment was fractionated with ammonium sulfate 
so that three fractions were obtained, each fraction being dissolved in 20 
ml. of 0.1 mM phosphate buffer at pH 7.5. The material precipitating be- 
tween 0 and 45 per cent of saturation was discarded. The 45 to 60 per 
cent fraction contained approximately half of the kynurenine transaminase 
activity, but the bulk of the kynureninase also precipitated here. The 60 
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to 75 per cent fraction contained kynurenine transaminase and very little 
kynureninase. Refractionation of the 60 to 75 per cent fraction with am- 
monium sulfate (the fraction salting out between 55 to 75 per cent of satura- 
tion being retained) yielded a preparation which was free of kynureninase 
and which required pyridoxal phosphate for transaminase activity. Under 
standard assay conditions, approximately 200 y of protein of the final prep- 
aration were required to produce 70 mumoles of kynurenic acid. Because 
of the relatively large quantity of kynureninase present it was impossible 
to judge the activity of the crude extract or to estimate the yield of the 
final preparation. 
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Fia. 1. The effect of pH on transaminase activity; @, 0.1 m phosphate; O, 0.1 u 
tris (hydroxymethyl)aminomethane. 

Fie. 2. The influence of pyridoxal phosphate concentration on kynurenic acid 
formation. 


Results 


Properties of Enzyme—The activity of kynurenine transaminase appears 
optimal at pH 7.5, as indicated in Fig. 1. Pyridoxal phosphate is required 
for the reaction, and this requirement cannot be replaced by pyridoxamine 
phosphate. The concentration of pyridoxal phosphate required for half 
maximal activity was found to be 1 X 10~* m (Fig. 2). 

Specificity for Amino Group Donor—.-Kynurenine was converted to 
kynurenic acid, the substrate concentration-activity curve being shown in 
Fig. 3. Half maximal activity was obtained at an L-kynurenine concen- 
tration of 1.5 X 10-*m. It is to be noted, however, that, as the concentra- 
tion of kynurenine is increased above 5 X 10-* m, the transamination reaction 
is inhibited. As is the case with Neurospora kynureninase (11), kynure- 
nine transaminase is inhibited by higher than optimal concentrations of 
both substrate and pyridoxal phosphate (Fig. 3, A, and Table III). Simi- 
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larly, the inhibition by either substrate or coenzyme appears to be reversed 
by coenzyme and substrate, respectively. p-Kynurenine is not utilized 
as a Substrate for the enzyme. 
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Fic. 3. Kynurenic acid formation as a function of (A) kynurenine concentration, 
and (B) keto acid concentration; O, pyruvic acid; @, a-ketoglutaric acid. 


(o) 
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TaB.e III 
Inhibitory Effect of Higher Kynurenine and Pyridozal Phosphate Concentrations 
Kynurenine Pyridoxal phosphate Kynurenic acid formed 
moles per ml. + per ml. mpmoles per ml. 

5 3.2 80 

5 32 40 
10 3.2 60 
10 6.4 70 
10 16 65 
10 32 65 
10 64 50 











Although quantitative estimates of xanthurenic acid formation were not 
attempted, the substitution of 3-hydroxy-pL-kynurenine as amino donor 
permitted the formation of xanthurenic acid. 

Specificity for Amino Group Acceptor—The effects of the various a-keto 
acids which were examined as amino group acceptors in the kynurenine 
transamination reaction are recorded in Table IV. Most efficacious of 
these were pyruvic acid and a-ketoglutaric acid, while a-ketoisovaleric acid 
and d-a-keto-6-methylvaleric acid give rise to only traces of kynurenic acid. 
Phenylpyruvie acid, indolepyruvic acid, and a-ketobutyric acid were of an 


1 Generous quantities of the keto acids were the gifts of Dr. Alton Meister. 
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approximately equal activity which was slightly less than that of pyruvic 
and a-ketoglutaric acids. Half maximal activity was obtained (Fig. 3, B) 
at a pyruvate or a-ketoglutarate concentration of 7 X 10-*m. In the case 
of pyruvic and a-ketoglutaric acids, the incubation mixture after depro- 
teinization was chromatographed. Although not estimated quantitatively, 
the formation of alanine and glutamic acid, respectively, was observed, 
The presence of a glutamate-pyruvate transaminase was not demonstrable 
when examined by paper chromatography. 

















TABLE IV 
Transamination of Kynurenine with Keto Acids 
Experiment No. Keto acid, 20 umoles Kynurenic acid formed 
mumoles 
1 None 0 
Pyruvic 55 
a-Ketoglutaric 55 
a-Ketobutyric 50 
2 None 0 
Pyruvic 80 
Indolepyruvic 70 
3 None 0 
a-Ketoglutaric 60 
Phenylpyruvic 55 
a-Ketoisovaleric 8 
d-a-Keto-8-methylvaleric 5 
SUMMARY 


An enzyme from Neurospora crassa, kynurenine transaminase, has been 
partially purified and found to transaminate kynurenine and 3-hydroxy- 
kynurenine to kynurenic acid and xanthurenic acid, respectively. A vari- 
ety of a-keto acids acts as amino group acceptor; pyridoxal phosphate is 
required for enzyme action. 

As is the case with Neurospora kynureninase, kynurenine transaminase 
is inhibited by high substrate and high pyridoxal phosphate concentration. 
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THE REDUCTION OF t-XYLULOSE TO XYLITOL BY GUINEA 
PIG LIVER MITOCHONDRIA* 


By OSCAR TOUSTER, V. H. REYNOLDS,{ anp 
RUTH M. HUTCHESON 


(From the Department of Biochemistry, Vanderbilt University 
School of Medicine, Nashville, Tennessee) 


(Received for publication, December 22, 1955) 


There is a body of evidence suggesting that L-xylulose has a normal met- 
abolic function. This pentose, which has long been known to be excreted 
in essential pentosuria, has recently been found in the urine of normal hu- 
mans (2-4), guinea pigs (3), and rats (4). Furthermore, humans whose 
urine did not contain detectable amounts of the pentose excreted this sugar 
after ingesting large quantities of p-glucuronolactone (2,3). There is also 
evidence that L-xylulose is metabolized by several species. The finding of 
little or no xylulose in urine led to the conclusion that it is metabolized by 
normal humans after oral administration (5) and by the mouse (2) and dog 
(6) after parenteral administration. A pentosuric human showed only a 
small increase in xylulose excretion after an oral dose (5). Increased uri- 
nary glucose indicated that depancreatized dogs metabolize both orally and 
intraperitoneally administered L-xylulose (7). Only in the rat has lack of 
utilization of the pentose been reported (8). The oral route of adminis- 
tration in the latter study may account for this exception, since L-xylulose 
is absorbed extremely slowly from the intestine of the rat (8). 

In view of the abundant evidence that mammals can both produce and 
degrade t-xylulose, we investigated its metabolism in guinea pig liver. 
The guinea pig was chosen because it resembles man in having a die- 
tary requirement for L-ascorbic acid. This vitamin is related to the 
pentose not only stereochemically but probably also in its biogenetic rela- 
tionship to p-glucuronolactone (9, 10). In previous communications (1, 2) 
we reported that guinea pig liver slices, homogenates, and mitochondrial 
fractions caused the rapid disappearance of L-xylulose when incubated in 
the presence of required cofactors. The present paper presents enzymatic 
studies of this metabolic transformation, as well as chemical evidence that 


* This study was supported by grants from the National Science Foundation and 
Eli Lilly and Company. A preliminary account was presented before the forty-sixth 
annual meeting of the American Society of Biological Chemists at San Francisco, 
April, 1955 (1). 

t Recipient of a United States Public Health Service medical student part time 
fellowship, 1954-55. Present address, Surgical Service, Peter Bent Brigham Hospi- 
tal, Boston, Massachusetts. 
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xylitol is the main product of the action of guinea pig liver mitochondria on 
L-xylulose. 

During the course of our study there have been numerous reports of en- 
zymatic reactions involving D-xylulose and its derivatives. It is now clear 
that the p-ketopentose occupies an essential position in the 6-phosphoglu- 
conate oxidation pathway of carbohydrate metabolism (11, 12). 


EXPERIMENTAL 
Materials and Methods 


Materials—Most of the t-xylulose was isolated from pentosuric urine by 
the method of Greenwald (13) or by ion exchange chromatography of its 
borate complex (3). The pentose was also prepared by isomerization of 
L-xylose in boiling pyridine (14). After removal of most of the residual 
xylose by crystallization from alcohol-ether solution, the xylulose was puri- 
fied by descending paper chromatography on Whatman No. 3 MM paper, 
with butanol-pyridine-water (10:3:3) as solvent (Rr xylulose, 0.38; Rr xy- 
lose, 0.28). 


Several chemicals were generously contributed by Dr. N. K. Richtmyer | 





(p-sorbose, p-gulitol, and p-talitol) and Dr. H. G. Fletcher (xylitol), both | 


of the National Institute of Arthritis and Metabolic Diseases, Bethesda, 
Maryland, and by Dr. G. C. Mueller (L-erythrulose) of the University of 
Wisconsin. Dr. M. L. Wolfrom, of Ohio State University, kindly furnished 
seed crystals of xylitol pentaacetate. Other chemicals were preparations 
of highest purity available commercially. 

Liver Preparations—Adult guinea pigs (400 to 600 gm.) of either sex were 
obtained from the Carworth Farms, Inc., New City, New York, and from 
the Empire Farms, Bainbridge, New York. The animals were always 
fasted at least 24 hours before being used for experiments. Liver slices 
were prepared with the Stadie tissue slicer and were tested in Krebs-Ringer- 
bicarbonate solution. Homogenates tested directly were prepared accord- 
ing to the procedure of Vestling et al. (15). 

Mitochondria were prepared essentially according to a modification (16) 
of the differential centrifugation method of Hogeboom, Schneider, and 
Palade (17). The procedure was carried out at 0—5° and utilized the Inter- 
national PR-1 refrigerated centrifuge. Sufficient ice-cold 0.25 m sucrose 
was added to the minced liver of one animal to yield 50 to 60 ml. of sus- 
pension. Homogenization of the liver was effected in a manually operated 
Potter-Elvehjem glass homogenizer for 10 to 20 minutes or with an electri- 
cally driven Teflon pestle in a glass tube for 3 to 5 minutes. The suspen- 
sion was brought to a volume of 100 ml. with 0.25 m sucrose, and then the 
“nuclear” fraction (containing nuclei, cell débris, unbroken cells, and blood 
cells) was collected by two centrifugations of the homogenate at 2000 
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r.p.m. for 5 minutes. To 90 ml. of the supernatant fluid were added 
dropwise 10 ml. of 1.5m KCl. After 10 minutes, the mitochondria were 
collected by centrifugation at 3400 r.p.m. for 20 minutes, the supernatant 
fluid being reserved for separation of the microsomes. The mitochondrial 
precipitate was resuspended in 90 ml. of 0.15 m KCIl-0.01 m NaHCO; 
and collected by centrifugation at 3400 r.p.m. for 10 minutes. The washing 
was repeated with 60 ml. of 0.15 m KCIl-0.01 m NaHCO;. The mito- 
chondria were stored in KCl-NaHCO; at 0° until used or were suspended 
immediately in an amount of 0.154 m phosphate buffer (pH 7.5) to yield 
a concentration approximately equivalent to a “‘50 per cent’”’ whole liver 
homogenate. (Thus, 0.3 ml. of this suspension would contain the mito- 
chondria derived from 0.15 gm. of liver.) The washing procedure removed 
essentially all of the sucrose used in the homogenization, as shown by 
negligible ketose tests given by the final mitochondrial suspensions. 

The sucrose supernatant fluid remaining after sedimentation of the mito- 
chondria was centrifuged for 1 hour at maximal speed (about 19,000 r.p.m.) 
in the high speed attachment of the International refrigerated centrifuge. 
The microsome deposit from 10 to 20 gm. of liver was resuspended in 50 
ml. of 0.15 m KCl-0.01 m NaHCO; and centrifuged again for 1 hour at 
maximal speed. The microsomes were then suspended in phosphate buffer, 
as were the mitochondria. 

The tests of liver fractions were made in 25 ml. stoppered Erlenmeyer 
flasks shaken mechanically at 37°. Cofactor solutions were adjusted to 
pH 7.5, or the final solutions were adjusted to this pH before incubation. 

Analytical Methods—Incubation mixtures were deproteinized by the 
ZnSO,-Ba(OH), procedure (15) or with 9 volumes of 0.55 m trichloroacetic 
acid. The following analytical reactions were employed: for ketopentose, 
the Dische-Borenfreund cysteine-carbazole reaction (18) and the Lampen 
modification (19) of the orcinol reaction; for reducing sugar, the Nelson 
method (20); for hexose, the anthrone method (21). Analysis of periodate- 
reacting material in incubation mixtures was carried out as follows: To a 
deproteinized aliquot containing at least 0.2 mg. of xylulose and pentitol 
were added 4.0 ml. of 0.015 m NalO, and 2.0 ml. of 5 per cent NaHCO. 
After 1.5 hours at room temperature, buffer and potassium iodide were 
added, and the titration was completed with thiosulfate according to the 
method of Voris et al. (22). Periodate-reacting substances were detected 
on paper chromatograms by the method of Metzenberg and Mitchell (23). 


Results 


Experiments with Liver Slices and Homogenates—Guinea pig liver slices 
in Krebs-Ringer-bicarbonate solution, with 95 per cent O.-5 per cent CO» 
as the gas phase, were found to cause the disappearance of L-xylulose 
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and p-fructose at equal rates. Since liver contains a very active fructo- 
kinase (15, 24), these results encouraged further study of the system respon- 
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Fig. 1. Utilization of L-xylulose and p-fructose by guinea pig liver homogenates. 
Each flask contained 0.6 ml. of 0.5 m glutamate, 0.6 ml. of 0.154 m phosphate buffer 
at pH 7.5, 0.6 ml. of 0.08 m MgCle, 1.2 ml. of ‘‘20 per cent’’ liver homogenate, and 
6.0 mg. of substrate. Total volume, 6.0 ml. Flasks A, C, and D also contained 0.6 
ml. of 0.05 mNa,ATP. Flasks C and D contained NaF in a concentration of 0.05 m. 
Analysis of Ba-Zn filtrates by cysteine-carbazole method. 

Fig. 2. Effect of malonate, a-ketoglutarate, and magnesium chloride on utilization 
of L-xylulose by guinea pig liver homogenates. Each flask contained 0.6 ml. of 0.154 
M phosphate buffer at pH 7.5, 0.6 ml. of 0.05 m Na2ATP, 1.2 ml. of ‘‘20 per cent”? liver 
homogenate, and 6.0 mg. of xylulose. Total volume, 6.0 ml. Other components 
were Flask A, 0.6 ml. of 0.08 m MgCle, 0.6 ml. of 0.5 m glutamate; Flask B, same as 
A and 0.01 m to malonate; Flask C, 0.6 ml. of 0.08 m MgCls, 0.6 ml. of 0.5 M a-keto- 
glutarate; Flask D, 0.6 ml. of 0.5 m glutamate; Flask E, 0.6 ml. of 0.5 m glutamate 
and 0.0005 m to Versene. Analysis of Ba-Zn filtrates by cysteine-carbazole method. 
(Broken lines for Curves D and E signify only that they were obtained from a differ- 
ent experiment from the other curves. Plotting on one graph was permissible be- 
cause the control flask in each experiment showed similar xylulose disappearance.) 


for preparing and testing rat liver homogenates for fructokinase activity 
was chosen for study of the xylulose system. Homogenates of guinea pig 
liver in phosphate buffer containing t-glutamate, magnesium chloride, 
and adenosine triphosphate, again with 95 per cent O2-5 per cent COs: as 
the gas phase, utilized L-xylulose as rapidly as p-fructose. Unlike fructose, 
however, xylulose utilization was considerably inhibited by the presence of 
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0.05 m fluoride and did not require the presence of adenosine triphosphate 
(ATP) in the medium (Fig. 1). In Fig. 2 it is seen that 0.01 m malonate is 
inhibitory, that a-ketoglutarate is less effective than glutamate, and that 
omission of MgCl, markedly decreases the disappearance of the pentose. 
Replacement of oxygen by a nitrogen atmosphere was inhibitory, unless 
ATP was present in the medium (Fig. 3). Although this finding might 
suggest that phosphorylation of the pentose occurred, no direct evidence 
for such a reaction was obtained. In this experiment, and in most others 
involving liver homogenates, both barium-zine and trichloroacetic acid 
filtrates were analyzed by the cysteine-carbazole and the orcinol reactions. 
Tests for hexoses and reducing sugars were also performed. In no case 
did analyses suggest the formation of any free or phosphorylated sugar as a 
result, of the metabolism of t-xylulose. This held also when 0.01 m malo- 
nate or 0.005 m iodoacetate was used to inhibit the transformation. Mano- 


| metric experiments, with the medium containing glutamate, magnesium 
| chloride, and phosphate buffer, showed that xylulose disappearance was 


not accompanied by increased oxygen consumption or carbon dioxide evo- 
lution. 

Among the other observations made with homogenates may be men- 
tioned: (1) considerable decrease in enzymatic activity upon storage of the 
homogenate at 2° for 24 hours or upon dialysis against phosphate buffer 
at 5° for 3 hours, (2) failure of diphosphopyridine nucleotide (DPN) to 
restore activity to dialyzed homogenates, (3) inability of a-ketoglutarate 
and DPN together to replace glutamate, and (4) decreased activity when 
Veronal buffer was used in place of phosphate in the preparation of homog- 
enate (with subsequent addition of phosphate for testing of enzymatic 
activity). Homogenates of other tissues were tested, but only the kidney 
showed activity comparable to that of liver... Hamster and rat liver were 
less active than guinea pig liver. (In most homogenate experiments, ATP 
and 95 per cent Os-5 per cent CO. were both used to insure optimal condi- 
tions.) 

The testing of glucuronolactone as an inhibitor of xylulose utilization was 
suggested by the effect of this substance in enhancing xylulose excretion in 
pentosuric and normal humans and in guinea pigs (2, 3, 25). It will be 
recalled that aminopyrine and glucuronogenic substances also markedly 
enhance L-xylulose excretion by pentosuric individuals (25). In Fig. 4 it 
is seen that glucuronolactone, aminopyrine, and ammonium menthy] glu- 
curonide inhibit xylulose utilization. The mechanism of action of these 
substances was not determined, as it appeared more desirable to seek purer 
enzyme preparations by studying the activity of liver fractions. 

Experiments with Mitochondrial Preparations—A preliminary experi- 


1 Experiment performed by Mr. B. M. Silbert. 
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ment demonstrated that essentially all of the activity of a homogenate was 
sedimentable by centrifugation at 4000 r.p.m. for 1 hour at 0° (Fig. 5)2 
Differential centrifugation showed that the mitochondria contained the en- 
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Fia. 3. Effect of O2 and N; on utilization of t-xylulose by guinea pig liver homog- 
enates. Each flask contained 0.6 ml. of 0.5 m glutamate, 0.6 ml. of 0.154 m phosphate 
buffer at pH 7.5, 0.6 ml. of 0.08 m MgCle, 1.2 ml. of ‘‘20 per cent”’ liver homogenate, 
and 6.0 mg. of xylulose. Total volume, 6.0 ml. Analysis of Ba-Zn and trichloro- 
acetic acid filtrates by cysteine-carbazole method. 

Fia. 4. Effect of p-glucuronolactone, aminopyrine, and ammonium menthy] glu- 
curonide on utilization of L-xylulose by guinea pig liver homogenates. Each flask 
contained 0.6 ml. of 0.5 m glutamate, 0.6 ml. of 0.154 m phosphate buffer at pH 7.5, 
0.6 ml. of 0.08 m MgCl, 1.2 ml. of ‘20 per cent’’ liver homogenate, and 7.2 mg. of 
xylulose. Total volume, 6.0 ml. Analysis of Ba-Zn filtrates by cysteine-carbazole 
method. 


zymatic system responsible for the disappearance of L-xylulose, the nuclear 
fraction and the microsomes having negligible activity (Table I). As with 
the whole homogenates, the mitochondrial activity is somewhat inhibited 
by aminopyrine and by fluoride and completely inhibited by iodoacetate 
(Fig. 6). Mitochondria have shown a variable requirement for ATP. In 


? Useful consultations with Dr. Jane Harting Park and Dr. W. C. Holland regard- 
ing cell fractionation are gratefully acknowledged. 
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early experiments there was little disappearance of xylulose, even in the 
presence of oxygen, if ATP was not added to the medium. In later ex- 
periments consistently high utilization occurred in the absence of added 
ATP, even with nitrogen as the gas phase. The cause of this change has 
not yet been determined, but it is possible that it is due to the known sensi- 
tivity of mitochondrial transformations to brief exposure of the particles 
to low concentrations of various ions such as phosphate (26). It is hoped 
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) 60 120 

MINUTES 
Fig. 5. Utilization of t-xylulose by readily sedimentable fraction of guinea pig 
liver homogenate. Each flask contained 0.4 ml. of 0.5 m glutamate, 0.4 ml. of 0.154 
a phosphate buffer at pH 7.5, 0.4 ml. of 0.08 m MgCle, 0.4 ml. of 0.05 m Na,ATP, 4.8 
mg. of xylulose and 0.8 ml. of liver fractions equivalent to ‘‘20 per cent’? homoge- 


nates. Total volume, 4.0 ml. Analysis of Ba-Zn filtrates by cysteine-carbazole 
method. 








that experiments in progress will disclose the cause of variation in ATP 
requirement. 

Mitochondria lose little activity when stored in 0.15 m KCI-0.01 m 
NaHCO; for 2 days at 0°. Attempts to liberate the enzyme by freezing 
and thawing of mitochondria at various temperatures and in the presence 
of various cofactors always led to inactivation. Among the cofactors 
used, in addition to the usual components of incubation mixtures, were 
glutathione, thiamine pyrophosphate, and DPN. The addition of these 
together with triphosphopyridine nucleotide (TPN), coenzyme A, and 
uridine triphosphate did not enable acetone powders prepared from 
mitochondria to utilize t-xylulose (nor did these substances increase the 
activity of intact mitochondria). The use of deoxycholate for the libera- 
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tion of the enzyme was precluded by the fact that addition of this agent to 
the medium in a concentration of 1 per cent caused complete inactivation, 














TABLE [| 
Utilization of u-Xylulose by Particulate Fractions of Guinea Pig Liver* 
TCA filtrate Ba-Zn filtrate 
Experiment Particulate fraction —s 

No. Cysteine- . Cysteine- . 
carbazole| Orcinol carbazole Orcinol 
5 Nuclear 0.13 0.00 0.22 0.00 
Mitochondrial 0.71 0.59 0.60 0.53 
7 Nuclear 0.01 —0.15 0.09 —0.14 
Mitochondrial 0.66 0.53 0.76 0.41 
Nuclear + mitochondrial 0.48 0.45 0.45 0.32 

Microsomal —0.05 




















*The disappearance of xylulose in mg. per ml. The incubation medium con- 
tained glutamate, phosphate buffer, MgClz, NazATP, and xylulose as in Fig. 5, ex- 
cept that the liver fractions were added as suspensions equivalent to a ‘‘50 per cent” 
whole liver homogenate. The incubation time with microsomes was 60 minutes 
and with all other fractions, 90 minutes. 
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Fia. 6. Inhibition of mitochondrial utilization of L-xylulose by aminopyrine, flu- 
oride, and iodoacetate. Flask contents the same as in Table I. The final concen- 
trations of inhibitors were 0.07 m aminopyrine, 0.05 m fluoride, and 0.005 m iodoace- 
tate. Analysis of Ba-Zn filtrates by cysteine-carbazole method. 


Rupture of mitochondria without significant loss of activity was finally 
accomplished by allowing them to stand for 1 hour at 0° in a volume of water 
calculated to yield a suspension equivalent to a “50 per cent’ liver homog- 
enate. To insure disruption of the remaining unruptured swollen particles, 
the solution was then vigorously homogenized in a Potter-Elvehjem glass 
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homogenizer. Efficiency of the rupture of the particles was confirmed by 
phase microscopy. Essentially all of the activity of intact mitochondria 
was found in the precipitate obtained by centrifugation of the mitochondrial 
homogenate at 3400 r.p.m. for 10 minutes. Unlike intact mitochondria, 
however, the activity of this mitochondrial residue is lost after 24 hours at 
0°. This fraction is being studied at present in an attempt to learn the 
mechanism of the enzymatic reaction and to extract the enzyme system. 

Preliminary experiments indicate that xylulose disappearance is de- 
pendent upon the formation of reduced DPN. If the mitochondrial residue 
is washed twice with distilled water, no activity is found in the presence of 
the usual cofactors. On the assumption that the washing process removed 
the soluble glutamic dehydrogenase remaining with the precipitate, the 
washed residue was tested with reduced diphosphopyridine nucleotide 
(DPNH) in place of glutamate. Disappearance of xylulose occurred.* 

Isolation and Identification of Xylitol—As indicated earlier in this paper, 
various analytical approaches failed to yield suggestive evidence regarding 
the nature of the xylulose product. Since it was possible that a polyol 
might be the reaction product, study of the consumption of periodate by 
incubation mixtures was undertaken. It was found that xylulose disap- 
pearance was not accompanied by a decrease in periodate utilization, a re- 
sult consistent with the formation of a polyol. Analysis by paper chroma- 
tography showed that, as the xylulose disappeared, there appeared a new 
substance which responded to periodate spray but not to any of the usual 
color tests for sugars. It had the same mobility as xylitol and arabitol (the 
two possible reduction products of xylulose) in a variety of solvents. 

The pentitol was isolated from the reaction mixture as follows: 70 mg. of 
L-xylulose (which had been purified through the crystalline p-bromophenyl- 
hydrazone derivative) were incubated at 37° with 7.0 ml. of 0.08 m magne- 
sium chloride, 7.0 ml. of 0.5 m glutamate, 7.0 ml. of 0.05 m ATP, 7.0 ml. of 
0.154 m phosphate buffer (pH 7.5), and 18 ml. of ‘50 per cent”? mitochon- 
drial suspension in 0.154 m phosphate buffer, the volume being made up to 
70 ml. with water. Analysis of an aliquot by the cysteine-carbazole reac- 

3 The enzyme system has recently been rendered soluble by treatment of the mito- 
chondrial residue with butanol. The t-xylulose-xylitol interconversion catalyzed 
by the extract proceeds much more rapidly with triphosphopyridine nucleotide than 
with DPN, indicating that the enzyme is unique among polyol dehydrogenases thus 
far reported, all of which are DPN-dependent. The extract contains a second en- 
zyme which catalyzes the interconversion of xylitol and p-xylulose. This enzyme 
is DPN-dependent and seems to be less specific in substrate requirement than the 
L-xylulose enzyme. The two dehydrogenases make possible the biological conver- 
sion of t-xylulose to p-xylulose and therefore may provide a route for the L-keto- 


pentose to be metabolized via the 6-phosphogluconate pathway (Hollmann, §., and 
Touster, O., unpublished results). 
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tion (after Ba-Zn deproteinization) indicated 60 per cent utilization of the | sis 


xylulose in 105 minutes. The remaining incubation mixture was depro- | tic 
teinized by heating in a boiling water bath for 3 minutes and then filtering | itc 
the solution. The filtrate was deionized over 1 X 4 cm. columns of Amber- mi 
lite IR-120 and of Duolite A-4 and then evaporated to dryness in vacuo, 

The residual oil was extracted with absolute methanol, the resulting solu- in 


tion being applied to Whatman No. 3 MM paper for isolation of the penti- | a: 
tol. The solvent for the descending chromatographic separation was 80 | ca 
per cent propanol. The pentitol was located by spraying a narrow strip | eff 
of the dried paper with periodate. It was eluted with water from the cor- | fo: 
responding area of the unsprayed paper. The eluate (10 to 12 ml.) was | TI 
evaporated to dryness, and the residual oil was extracted with absolute | p- 
methanol. The extract was clarified by centrifugation and evaporated to | sti 
dryness. An aqueous solution (1 to 2 ml.) of the residue was decolorized | pe 
over a charcoal-Celite column and evaporated to dryness, yielding 31 mg. | ca 
of oil which could not be crystallized, although it appeared to be homoge- | T] 
neous by paper chromatography. A sample of it utilized only 50 per cent | wi 
of the periodate required on the assumption that it was a pure pentitol. | ly: 
Since all paper chromatographic analyses indicated that the only period- | wi 
ate-reacting material present was a pentitol, the product was converted | is 
into an acetyl derivative. 

To 29 mg. of the oil were added 0.3 ml. of acetic anhydride and 0.3 ml. of 
pyridine, and the resulting mixture was shaken mechanically at room tem- 
perature for 7 hours. Since dilution of the reaction mixture with water | mi 
caused the formation of only a small amount of precipitate (xylitol penta- | di 
acetate precipitated at this point when pure xylitol was acetylated), the | th 
diluted mixture was evaporated to dryness in vacuo. The residual oil was | re 
dried by four additions, with subsequent distillation, of several ml. portions | re: 
of benzene. The residue was then dissolved in 1 ml. of benzene and 2 ml. | in 
of ligroin, a trace of insoluble material being removed by centrifugation. | pe 
Upon standing 1 day in the freezer the solution yielded large crystals which | ac 
were collected by centrifugation and washed twice with ligroin. This prod- | st 
uct weighed 15.4 mg. and melted at 56-60°,4 with a little softening at 50°. | ce’ 
That it was slightly impure xylitol pentaacetate was indicated by the find- | bi 
ing that a mixture with authentic xylitol pentaacetate (m.p. 61°) melted | ac 
at 53-58°, again with a little softening at 50°. Recrystallization from ben- | gh 
zene-ligroin improved the melting point only slightly, so that a final recrys- | liv 
tallization was carried out in 16 per cent ethanol. The crystalline product | Si 
which formed during several days in the refrigerator was washed with water | po 
and dried. It melted at 60-61° and did not depress the melting point of | tal 
xylitol pentaacetate (arabitol pentaacetate melts at 78°). Infra-red analy- 


4 All melting points were taken on the Fischer-Johns micro block. du 
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sis® confirmed the structure of the derivative in that it had a spectrum iden- 
tical with that of xylitol pentaacetate and differed greatly from that of arab- 
itol pentaacetate. Xylitol was also isolated as the pentaacetate in two other 
mitochondrial experiments. 

Reversibility and Specificity of Reaction—When xylitol is substituted for 
L-xylulose in the customary incubation medium containing mitochondria, 
a small amount of the ketopentose is formed, as indicated by the cysteine- 
carbazole reaction. Omission of glutamate from the medium is without 
effect, but inclusion of methylene blue increases the amount of xylulose 
formed. No substrates other than L-xylulose and xylitol have been found. 
The substances tested were D-xylulose, p-sorbose, L-sorbose, L-erythrulose, 
p-fructose, D-sorbitol, L-arabitol, p-gulitol, and p-talitol. The polyols were 
studied in the presence of methylene blue. Ketose formation or disap- 
pearance was determined by the cysteine-carbazole reaction except in the 
case of L-erythrulose, when it was necessary to measure reducing power. 
The sugars and polyols were in general chosen with a view to establishing 
whether the mitochondrial enzyme resembled known enzymes which cata- 
lyze the interconversion of ketoses and polyols. While other substances 
will be tested, the evidence to date indicates that the mitochondrial system 
is specific for the L-xylulose-xylitol transformation. 


DISCUSSION 


The occurrence of L-xylulose in small amounts in normal urine and in 
much larger quantities in pentosuric urine should encourage further studies 
directed toward elucidating reactions which may be responsible for both 
the formation and disposition of the pentose. Acceptance of the enzymatic 
reduction of L-xylulose, or the oxidation of xylitol, as a normal metabolic 
reaction will depend in part upon the discovery of other transformations 
involving these substances. Although in none of our mitochondrial ex- 
periments with L-xylulose as substrate was any evidence obtained for the 
accumulation of a product other than xylitol, it is possible that this sub- 
stance is further metabolized in a tissue other than liver or even in another 
cellular fraction of the liver. An analogy for the latter possibility is the 
biosynthesis of glucuronides, which involves uridine diphosphate glucuronic 
acid formation in the soluble fraction of liver, followed by transfer of the 
glucuronic acid moiety to an aglycone in the microsomes (27). Guinea pig 
liver contains a soluble enzyme which converts xylitol to p-xylulose (28). 
Since the latter substance is a substrate of yeast transketolase (29), a 
possible route may be open for the metabolism of L-xylulose through es- 
tablished pathways. 


5 We are greatly indebted to Dr. J. R. Lawson, Tennessee Agricultural and In- 
dustrial State University, for the infra-red analyses. 
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Comparison of the enzyme of guinea pig liver mitochondria with other 
“‘ketose reductases’”’ which have been reported discloses marked differences 
in substrate specificity. The soluble rat liver enzyme of Blakley (30), orig- 
inally discovered because of its action on p-fructose and p-sorbitol, also 
utilizes a number of other ketoses and polyols as substrates (28), with 
p-xylulose being produced from xylitol. Williams-Ashman and Banks 
(31) have reported the occurrence of the same enzyme in the seminal vesicle 
and coagulating gland of the rat, but comparison of their report with that 
of McCorkindale and Edson (28) shows that the enzyme of the former work- 
ers differed in being able to catalyze the dehydrogenation of L-arabitol. 
Shaw (32) has described an enzyme, from an organism tentatively identi- 
fied as a species of Pseudomonas, which interconverts xylitol and L-xylu- 
lose with DPN as coenzyme. This enzyme also showed high activity with 
p-gulitol and p-talitol, neither of which is oxidized by the liver mitochon- 
drial system described in the present paper. 

It is apparent that guinea pig liver contains a highly specific enzyme for 
the reduction of t-xylulose. In the absence of substrates other than L-xylu- 
lose and xylitol, the transformation may be regarded as a normal metabolic 
reaction. 


SUMMARY 


Guinea pig liver mitochondria catalyze the reduction of L-xylulose to 
xylitol, which was identified as its crystalline pentaacetyl derivative. Sev- 
eral inhibitors of the reaction were found. Reversibility of the reaction 
was indicated by formation of ketopentose from xylitol. The enzyme sys- 
tem is located in the insoluble portion of the mitochondria and appears to 
involve pyridine nucleotides. 

The high order of specificity of the system was evident from its lack of 
activity toward all ketoses and polyols tested other than L-xylulose and 
xylitol. The substrate specificity differentiates the mitochondrial enzyme 
from other enzymes which are known to catalyze the interconversion of 
ketoses and polyols. 


BIBLIOGRAPHY 

1. Touster, O., Reynolds, V. H., and Hutcheson, R. M., Federation Proc., 14, 298 
(1955). 

2. Touster, O., Hutcheson, R. M., and Reynolds, V. H., J. Am. Chem. Soc., 76, 5005 
(1954). 

3. Touster, O., Hutcheson, R. M., and Rice, L., J. Biol. Chem., 215, 677 (1955). 

4. Futterman, S., and Roe, J. H., J. Biol. Chem., 215, 257 (1955). 

5. Enklewitz, M., and Lasker, M., Am. J. Med. Sc., 186, 539 (1933). 

6. Greenwald, I., J. Biol. Chem., 91, 731 (1931). 

7. Larson, H. W., Chambers, W. H., Blatherwick, N. R., Ewing, M. E., and Sawyer, 


8. D., J. Biol. Chem., 129, 701 (1939). 


XUM 





S BRS NRPS LRP 


wow 
— 


ow 
ww 


other 
ences 
-orig- 
, also 

with 
3anks 
esicle 
1 that 
work- 
bitol. 
Jenti- 
-xylu- 
r with 
chon- 


ne for 
-xylu- 
abolic 


ose to 

Sev- 
action 
\e SyS- 
ars to 


ack of 
se and 


nzyme 
ion of 


14, 293 
16, 5005 


D5). 


Sawyer, 





XUM 


% 
i) 


w 
— 


ow 
i) 


2 BE NER RB 


TOUSTER, REYNOLDS, AND HUTCHESON 709 


. Larson, H. W., Blatherwick, N. R., Bradshaw, P. J., Ewing, M. E., and Sawyer, 


8. D., J. Biol. Chem., 138, 353 (1941). 


. Horowitz, H. H., and King, C. G., J. Biol. Chem., 206, 815 (1953). 
. Isherwood, F. A., Chen, Y. T., and Mapson, L. W., Biochem. J., 56, 1 (1954). 
. Horecker, B. L., Abstracts, American Chemical Society, 128th meeting, Minne- 


apolis, 18D, Sept. (1955). 


. Dickens, F., and Williamson, D. H., Nature, 176, 400 (1955). 

. Greenwald, I., J. Biol. Chem., 88, 1 (1930). 

. Schmidt, O. T., and Treiber, R., Ber. chem. Ges., 66, 1765 (1933). 

. Vestling, C. S., Mylroie, A. K., Irish, U., and Grant, N. H., J. Biol. Chem., 186, 


789 (1950). 


. Hoch, F. L., and Lipmann, F., Proc. Nat. Acad. Sc., 40, 909 (1954). 
. Hogeboom, G. H., Schneider, W. C., and Palade, G. E., J. Biol. Chem., 172, 619 


(1948). 


. Dische, Z., and Borenfreund, E., J. Biol. Chem., 192, 583 (1951). 

. Lampen, J. O., J. Biol. Chem., 204, 999 (1953). 

. Nelson, N., J. Biol. Chem., 163, 375 (1944). 

. Seifter, S., Dayton, S., Novic, B., and Muntwyler, E., Arch. Biochem., 25, 191 


(1950). 


. Voris, L., Ellis, G., and Maynard, L. A., J. Biol. Chem., 183, 491 (1940). 
. Metzenberg, R. L., and Mitchell, H. K., J. Am. Chem. Soc., 76, 4187 (1954). 
. Cori, G. T., Ochoa, 8., Slein, M. W., and Cori, C. F., Biochim. et biophys. acta, 


7, 304 (1951). 


. Enklewitz, M., and Lasker, M., J. Biol. Chem., 110, 443 (1935). 


Hunter, F. E., Jr., and Ford, L., J. Biol. Chem., 216, 357 (1955). 


. Strominger, J. L., Kalekar, H. M., Axelrod, J., and Maxwell, E.S., J. Am. Chem. 


Soc., 76, 6411 (1954). 


. McCorkindale, J., and Edson, N. L., Biochem. J., 57, 518 (1954). 
. Srere, P. A., Cooper, J. R., Klybas, V., and Racker, E., Arch. Biochem. and Bio- 


phys., 59, 535 (1955). 


. Blakley, R. L., Biochem. J., 49, 257 (1951). 
. Williams-Ashman, H. G., and Banks, J., Arch. Biochem. and Biophys., 60, 513 


(1954). 


. Shaw, D. R. D., Proc. Univ. Otago Med. School, 32, 5 (1954). 





is § 
aci 
tab 
me 
tha 
to 

Thi 
disc 
dia 
in t 
in ¢ 
can 


solu 
tita 
dire 
obs 
lact 
of t 


1:5 


Nati 
1525 
ted | 
men 


Cent 


and 


Dist 








XUM 


THE QUANTITATIVE DETERMINATION OF ACETOL* 


By C. G. HUGGINS{ anp O. NEAL MILLER 


(From the Department of Biochemistry, and the Nutrition and Metabolism 
Research Laboratory, Department of Medicine, Tulane University 
School of Medicine, New Orleans, Louisiana) 


(Received for publication, September 1, 1955) 


The results of studies in this and other laboratories suggest that acetol 
is an intermediate in the metabolism of acetone, 1,2-propanediol, lactic 
acid, and pyruvic acid (1-6). In order to pursue our interest in this me- 
tabolite, it was necessary to develop a sensitive, specific, and quantitative 
method for acetol. Forist and Speck (7) and Werle and Stiess (8) reported 
that acetol will condense with o-aminobenzaldehyde in an alkaline solution 
to form 3-hydroxyquinaldine, which can be measured fluorometrically. 
This condensation reaction is based upon the original observation of Bau- 
disch and Deuel (9), who believed it to be specific for acetol. Furfural, 
diacetyl, formaldehyde, and monosaccharides, especially glucose, interfere 
in this determination when the condensation reaction is carried out at 100° 
in a strongly alkaline solution (7, 8). We have found that this reaction 
can be used successfully by modifying the conditions. 

Acetol is readily condensed with o-aminobenzaldehyde in an alkaline 
solution while being shaken for 1 hour at room temperature and is quan- 
titatively determined fluorophotometrically by a direct method. An in- 
direct method for the determination of acetol is proposed which is based on 
observations that acetol, treated with copper-lime (10), is converted to 
lactic acid, which in turn is determined colorimetrically. A comparison 
of these two methods is made. 


EXPERIMENTAL 
Materials 


A 1 per cent solution of o-aminobenzaldehyde! in methanol was diluted 
1:50 with water just before being used. A standard solution of acetol! 


* This work was supported by the Division of Research Grants and Fellowships, 
National Institutes of Health, United States Public Health Service; grant Nos. H- 
1525C and A-1. The experimental data in this paper are taken from a thesis submit- 
ted by C. G. Huggins to the Graduate School of Tulane University in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy. 

+ Present address, Department of Pharmacology, University of Kansas Medical 
Center, Kansas City, Kansas. 

1 o-Aminobenzaldehyde was obtained from the Delta Chemical Works, New York, 
and the acetate ester of acetol was obtained from the Eastman Kodak Division of 
Distillation Products, Inc. 
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was prepared and standardized by iodometric titration (11, 12) and also 
by oxidation to formaldehyde with periodate, followed by estimation of 
the formaldehyde with chromotropic acid (13). A solution containing 4 
umoles per ml. of ethylenediaminetetraacetic acid was prepared. The re- 
agents for the determination of lactic acid were prepared as previously 
described (10). A Coleman junior spectrophotometer was used for the 
colorimetric analysis and a Farrand fluorometer or Coleman electronic 
photofluorometer for the fluorometric analysis. 





wu 2} S 

vi O Ww 

tT T ' 
x 


88 8 


re) 


GALVANOMETER READING 
ou 
' 


CORRECTED FOR BLANK 








ow 





1 i 1 iL 
fe) 0.3 0.6 °0.9 1.2 
CONCENTRATION OF ACETOL (4ugm.per ml.) 
Fig. 1. The effect of varying concentrations of acetol on the production of fluo- 
rescence with o-aminobenzaldehyde. The corrected galvanometer readings are plot- 
ted against the concentration of acetol in the reaction mixture after the final dilution 
is made. 


Methods 


Direct, Fluorometric Method for Determination of Acetol—Duplicate ali- 
quots of a solution containing no more than 0.4 umole (25 to 30 y) of acetol 
were added to test-tubes, graduated at the 10 ml. mark, and were diluted 
with water to make a volume of 4 ml. 0.5 ml. of ethylenediaminetetra- 
acetic acid solution was added to each tube. 1 ml. of o-aminobenzalde- 
hyde solution was added to one tube, and to the other 1 ml. of water to 
serve as the blank for that sample. The contents of each tube were mixed; 
then 1.25 ml. of sodium hydroxide (0.52 n) were added and mixed. The 
tubes were shaken for 1 hour at room temperature in a mechanical shaking 
machine, after which each tube was acidified with 1.5 ml. of hydrochloric 
acid (1N). Subsequently, an excess of solid sodium bicarbonate was added 
which brought the pH to approximately 8. All the tubes were diluted to 
10 ml. with water. If the concentration of acetol was too high, it was 
sometimes necessary to make a 1:2 dilution of the reaction mixture with 
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also | water in order to measure the fluorescence on the Farrand fluorometer. A 
m of | primary filter (Corning No. 5960) and a secondary filter which consisted of 
ng 4 | a combination of Corning filters, Nos. 3389 and 4308, were used. Filter 
e re- | No. 3389 of the secondary filter was placed toward the sample. The sensi- 
vusly | tivity of the instrument was adjusted by setting the galvanometer at 40, 
- the | a standard solution of 0.02 y of quinine sulfate per ml. in 0.1 N sulfuric 
ronic | acid being used. A Coleman electronic photofluorometer may be used 
with filters B-1 and P-C-1 as the primary and secondary filters, respec- 
tively, but it is not as sensitive as the Farrand fluorometer. The Coleman 
fluorometer was adjusted by setting the galvonometer at 85, a standard 
solution of 0.3 y of quinine sulfate per ml. in 0.1 N sulfuric acid being used. 

The data presented in Fig. 1 were obtained when acetol, in concentra- 
tions up to 2.4 y per ml. of reaction mixture, was condensed as described 
with o-aminobenzaldehyde and diluted 1:2 before the concentration of the 
fluorescing compound was determined. 

The results indicate that the fluorescing product is stable at room tem- 
perature for 7 hours and only 25 per cent is lost after 18 hours, at room 
temperature, which is in agreement with data reported by Forist and Speck 
(7). 

Indirect, Colorimetric Method for Determination of Acetol—It has been re- 
ported that acetol is converted to lactic acid by an alkaline solution (so- 
dium hydroxide) of copper sulfate and potassium sodium tartrate, Fehling’s 
solution (14). The copper-lime purification treatment in the method for 
f fluo- | lactic acid (10) is an alkaline solution (calcium hydroxide) of copper sul- 
plot- | fate, and, therefore, it seemed probable that acetol would be converted to 
lution Laoti : y 

actic acid by the copper-lime treatment. 

A tissue extract containing acetol, or a standard solution of acetol, was 
analyzed for lactic acid (10). This determination was carried out after a 
e ali- | 6 hour treatment with phosphatase (15) and the values obtained were cor- 
.cetol | rected for 1,2-propanediol contribution. The value thus obtained was 
luted | called “total corrected lactic acid.” It has been found that 1 mole of 
tetra- | 1,2-propanediol is equivalent to 0.17 mole of lactic acid under the experi- 
ralde- | mental conditions used in this laboratory. An aliquot of the same extract 
fer to | 28 well as the standard solution of acetol was oxidized with periodate and 
ixed; | aerated with nitrogen, as in the procedure for the determination of 1 ,2- 

The | propanediol (16). Acetol under these conditions is converted to acetic 
aking | acid and formaldehyde (17). Iodate and periodate ions interfere in the 
hloric | lactic acid determination and therefore the oxidation mixture, 7.5 ml. (16), 
udded | was treated with 2.5 ml. of 20 per cent lead subacetate solution to precipi- 
ed to | tate these ions. After centrifugation, the supernatant fluid A was made 
t was | Slightly acidic, pH 4 to 5, with hydrochloric acid (5 n, 2 drops) and dime- 
.with | don was added to precipitate the formaldehyde which interferes in the 
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determination of lactic acid (18). The formaldehyde-dimedon complex 
was removed by centrifugation, 5 ml. of the supernatant fluid B were puri- 
fied by the copper-lime procedure, and lactic acid was determined. 1 ml, 
of 20 per cent lead-subacetate solution was carried through the copper-lime 
treatment to serve as a blank control. Lactic acid thus obtained wag 
called “residual lactic acid,” or the true lactic acid, inasmuch as the inter- 
fering substances have been removed by periodate oxidation, lead precipi- 
tation, and copper-lime treatment. The molar concentration of acetol is 
obtained by substitution in the following formula. 


[Total corrected lactic acid] — [residual lactic acid] = [acetol] 
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Fic. 2. The effect of the length of time of shaking on the condensation of acetol 
with o-aminobenzaldehyde. The results were obtained when acetol 6 X 10% 
mM (Curve A), glucose 1.66 X 10-4 m (Curve B), and acetol 6 X 10-* m plus glucose 
1.66 X 10-*m (Curve C) were added to the condensation mixture. 


RESULTS AND DISCUSSION 
Direct, Fluorometric Methed 


Removal of Interference Due to Glucose by Formation of Fluorescent Com- 
pound at Room Temperature—Attempts to measure the product of conden- 
sation of acetol with o-aminobenzaldehyde demonstrated that glucose in- 
terfered rather markedly if the reaction was carried out in a boiling water 
bath. This interference was probably due to the formation of acetol from 
glucose under these conditions (8, 9). Interference caused by glucose has 
been avoided by condensing acetol with o-aminobenzaldehyde at room 
temperature. Experimental evidence that validated this procedure was 
obtained in the following manner: Four series of tubes were prepared as 
described above; Series A contained acetol (8 y), Series B glucose (3 7), 
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Series C acetol (8 y) plus glucose (3 y), and Series D water. Three tubes 
of each series (A, B, C, and D) were condensed by shaking for 10 or 20 
minutes, etc. for intervals of time up to 90 minutes. The data presented 
in Fig. 2 demonstrate that condensation of acetol with o-aminobenzalde- 
hyde reached a maximum after shaking for 60 minutes (Curve A), and that 


glucose alone (Curve B) does not condense with o-aminobenzaldehyde and 


TABLE I 


Effect of Ethylenediaminetetraacetic Acid (EDTA) upon Removal of Interference by 
Copper and Manganese in Determination of Acetol 





. 
| Galvanometer reading corrected for 
blank 



































Additions Acetol added 
Without With 2 umoles 
EDTA of EDTA 
umole 
WS 5 costa edeee ee isa ce rsh bones 0.54 23 15 
0.1 umole copper ion.............. 0.54 6 14 
0.1 ‘* manganese ion........... 0.54 9 14 
TABLE II 
Recovery of Acetol from Suspension of Yeast Cells, Analyzed by Fluorometric Method 
Acetol added | Acetol recovered Per cent recovery 
pmoles pmoles 
9.2 10.3 111 
6.9 7.0 101 
4.6 4.1 89 
2.3 2.7 116 
I ct hen cathe ch ad tae on Scene Ae ED 104 








furthermore does not interfere with the condensation of acetol with o-ami- 
nobenzaldehyde (Curve C) under these conditions. 

Effect of Inorganic Ions—It is known that certain ions will influence a 
reaction in which N-methyl] nicotinamide is condensed with acetone (19). 
Thus, it seemed desirable to test the effect of divalent and trivalent ions 
on this similar type of condensation reaction. 1 umole of each of the fol- 
lowing ions was added individually to tubes containing a constant amount 
of acetol and other condensation reacting agents: cobaltous, ferrous, ferric, 
magnesium, zinc, molybdenum, cupric, calcium, barion, vanadium, man- 
ganous, aluminum, and nickelous. Only three of these ions, namely cupric, 
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calcium, and manganous, were found to interfere in the determination. If 
these ions were added after the condensation product was formed, no in- 
hibition was observed. Calcium, when added in a concentration of 0.1 
umole per tube, did not interfere, whereas copper and manganese in con- 
centrations as low as 0.001 umole per tube inhibited the complete develop- 
ment of fluorescence. Interference by these ions was eliminated by the 
addition of 2 umoles per tube of disodium salt of ethylenediaminetetra- 
acetic acid (Table I). 

Recovery of Acetol Added to Filtrate of Bakers’ Yeast—Aliquots of a stand- 
ard acetol solution were added to tubes containing 1 ml. of a suspension 
of bakers’ yeast (11 mg. per ml., dry weight of yeast). Trichloroacetic 
acid, 0.2 ml. of 100 per cent, was added to each tube, and the contents were 
mixed and then diluted to 10 ml. with water. The precipitated proteins 
were removed by centrifugation and acetol was determined on the resulting 
supernatant fluid (Table II). Under the analytical conditions employed, 
the method displays good reproducibility in the recovery of added amounts 
of acetol. 

Interfering Substances—A series of compounds with biological interest 
was tested for possible interference in the determination of acetol by the 
fluorometric method. If the following compounds were added individually 
to the condensation reaction mixture in excess by a molar ratio of 68:1, 
they produced little or no interference: serine, glycerol, malic acid, ethyl 
alcohol, threonine, methyl glyoxal, 2 ,3-butylene glycol, acetone, 6-hydrox- 
ybutyric acid, sodium glyoxylate, sodium glycolate, glyoxal-sodium bisul- 
fite complex, formaldehyde, lactic acid, 1,2-propanediol, and furfural. 
The following substances produced slight or no interference when added 
individually to the reaction mixture along with a standard amount of acetol 
and o-aminobenzaldehyde: glucose 6 mg., pyridone 100 7, N-methyl nico- 
tinamide 100 y, thymine 400 7, nicotinic acid 100 y, thiamine 100 y, quin- 
olinic acid 100 y, and diphosphopyridine nucleotide 60 y. The following 
substances interfered markedly when present in the condensation mixture 
in concentrations of 68:1 molar excess, but did not interfere at a concen- 
tration of 6.8:1 molar exess: acetylacetone, pyruvic acid, dihydroxyacetone, 
ethylacetoacetate, pi-glyceraldehyde, glycol aldehyde, and acetaldehyde. 
1 y of anthranilic acid or hydroxytryptophan added to the condensation 
tube produced a strong fluorescence even without addition of o-amino- 
benzaldehyde. 

Diacetyl and acetylmethylcarbinol were equivalent to acetol on a molar 
basis, as determined in the method described. The structural similarity 
of the enol forms, favored by the strongly alkaline solution, of these two 
compounds to that of acetol is apparent. Thus, on the basis of this simi- 
larity, it might be anticipated that these substances would condense with 
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If o-aminobenzaldehyde, inasmuch as all three compounds have a carbonyl 


“ in- group adjacent to a carbon atom that has an “active” hydrogen, under 
f 0.1 alkaline conditions used in this condensation method. In a preliminary 
con- experiment, it was found that one could destroy the fluorescent product of 


elop- acetol by adjusting the pH to 2.6 instead of pH 8.0, whereas diacetyl and 
y the acetylmethylcarbinol condensation products showed remarkable stability 
etra- at this pH. 





























tand- TaB.e III 
nsion Conversion of Acetol to Lactic Acid by Copper-Lime Treatment (Barker and 
cette Summerson (10)) 
= Sample iz.,| un |e Stee 
ilting pmole umole pmole 
oyed, MN ONIN SS. (oo Se cice cas Levacies 3 0.29 0.29 0.29 
ounts BE Os Bia ewe soccer tus ean pee 3 0.31 0 0.30 
terest TaBLe IV 
y the Comparison of Direct and Indirect Methods for Determination of Acetol When 
lually 1,2-Propanediol and Acetol Were Added to Yeast Cells for Substrate 
68: 1, umoles acetol found* 
ethyl Substrate 
‘drox- Direct method Indirect method 
bisul- 
fural OPC Be ee OR ee me Reel Ps 95 lll 
fs MR ee re Pe ee Pe eee Cr eee 90 102 
added Be a aN TRA 83 93 
acetol ER ETP séaiieniaiel 126 136 
nico- | Re ere eee ee Peer 11 14 
quin- * icahieveis via des sepia 1 13 
Owing * Micromoles per 100 mg. of dry weight of yeast cells. 
ixture 
mcen- Indirect, Colorimetric Method 
etone , ‘ ‘ 
hyde. Conversion of Acetol to Lactic Acid—Three series of test-tubes were pre- 
saties pared. To Series A, 1 ml. of water was added; to Series B, 1 ml. of lactic 
mink acid (0.29 umole per ml.); and to Series C, 1 ml. of acetol (0.31 umole per 
ml.). 1 ml. of 20 per cent copper sulfate solution, 8 ml. of water, and 1 
— gm. of calcium hydroxide were added to each tube. The contents of all 


— the tubes were mixed and allowed to stand for 30 minutes, after which 
larity : é , : 

o tea time the mixtures were centrifuged and the supernatant fluid was analyzed 
\ eieall for lactic acid (10) along with their controls; 7.e., mixtures in which the 
» wih copper-lime reagents were replaced by water. The results of this experi- 
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ment clearly show that copper-lime treatment converts acetol to lactic 
acid or its equivalent (Table III). In contrast to the direct method, the 
indirect procedure distinguishes between acetol and acetylmethylcarbinol, 
inasmuch as Huntress and Mulliken (14) report that acetylmethylcarbinol 
is converted to acetic acid by Fehling’s solution. The indirect method as 
described is one that is perhaps more suited for use in the determination 
of acetol at substrate levels. 

Comparison of Direct and Indirect Methods—By utilizing the two meth- 
ods for the determination of acetol, the results reported in Table IV were 
obtained from a study (16) of the metabolism of bakers’ yeast with acetol 
and 1,2-propanediol as the substrates. The indirect method always gives 
somewhat higher values, an average of about 15 per cent. 


SUMMARY 


Two methods for the quantitative determination of acetol are reported- 
A direct method, based on the condensation of acetol with o-aminobenzal- 
dehyde in an alkaline solution at room temperature and the subsequent 
quantitative estimation of this product by fluorophotometry, is described. 
The second method, indirect, is based on the principle that acetol is con- 
verted to lactic acid by copper-lime treatment. Acetol is determined by 
difference after acetol is destroyed by periodate oxidation prior to copper- 
lime treatment. 
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STUDIES ON THE METABOLISM OF 1,2-PROPANEDIOL 
PHOSPHATE IN YEAST* 


By C. G. HUGGINS{ anp O. NEAL MILLER 


(From the Department of Biochemistry and the Nutrition and Metabolism 
Research Laboratory, Department of Medicine, Tulane University 
School of Medicine, New Orleans, Louisiana) 


(Received for publication, September 8, 1955) 


It has been reported that 1 ,2-propanediol phosphate! can be oxidized by 
a crystalline preparation of myogen A, a preparation which is known to 
contain aldolase and a-glycerophosphate dehydrogenase and perhaps other 
enzymes (1). The end-product of this oxidation was shown to be further 
oxidized by an extract of heart muscle or by crystalline p-glyceraldehyde 
phosphate dehydrogenase. On the basis of these observations, a series of 
reactions was proposed in which PDP was converted to lactic acid with 
acetol phosphate as a proposed intermediate. Groth and LePage (2) have 
found that homogenates of normal and neoplastic rat tissues under ana- 
erobic conditions and in the presence of fluoride were able to metabolize 
pyruvate to yield compounds other than lactic acid. One of these com- 
pounds was demonstrated to be PDP, although other phosphate esters of 
unknown structure were also isolated from the reaction mixtures by paper 
chromatography. One of the unknown esters was suspected of being acetol 
phosphate. Rudney (3), using carbonyl-C"-labeled acetone, demonstrated 
that acetone was converted to PDP and 1,2-propanediol, and to lactic acid, 
all of which were labeled solely in the C-2 position. It was also shown that 
1-C4-PD gave rise to carboxyl-C"*-lactic acid, indicating that conversion 
occurred without cleavage of the carbon chain. 

The metabolism of PDP has been studied further with PDP, PD, acetol, 
and lactic acid as substrates for resting yeast cells. It has been found that, 
under appropriate conditions, any one of these metabolites can be metabo- 
lized to one or more of the others. The data obtained support the pro- 
posed reaction sequence for the metabolism of PDP, as was previously sug- 
gested (1, 4). 

* This work was supported by the Division of Research Grants and Fellowships, 
National Institutes of Health, United States Public Health Service; grants No. 
H-1525C and No. A-1. The experimental data in this paper are taken from a thesis 
submitted by C. G. Huggins to the Graduate School of Tulane University in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 

+ Present address, Department of Pharmacology, the University of Kansas Medi- 
cal Center, Kansas City, Kansas. 

1 The following abbreviations are used: PD, 1,2-propanediol; PDP, 1,2-propane- 
diol phosphate; TCA, trichloroacetic acid. 
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EXPERIMENTAL 


Solutions and Substrates—Bakers’ yeast was grown in a medium contain- 
ing glucose, salts, and yeast extract, while being vigorously aerated. Cells 
were harvested by centrifugation and washed five times with saline (0.9 per 
cent) and then resuspended in saline so that the suspension contained ap- 
proximately 14 mg. of dry yeast cells per ml. of suspension. Solutions 
which contained the substrates were diluted from standard stock solutions 
with phosphate buffer, 0.1 m, pH 7.0, and were standardized by methods 
previously described (5, 6). 

Analytical Procedures—Lactic acid was determined by the method of 
Barker and Summerson (7), pyruvic acid by the method of Friedemann and 
Haugen (8), and formaldehyde by the chromotropic acid method as modi- 
fied by Frisell et al. (9). PD, PDP, and acetol were determined by methods 
devised in this laboratory (5, 6). 

Yeast cells were incubated at 37° in a standard Warburg apparatus. The 
main chamber of the flasks contained 1 ml. of phosphate buffer (0.1 m, pH 
7.0), 0.3 ml. of substrate, 0.7 ml. of water, and the center well 0.2 ml. of 
KOH (10 per cent); 1 ml. of yeast suspension was tipped in from the side 
arm after allowing time for temperature equilibration. When sodium flu- 
oride was used in the experiment, a solution of appropriate concentration 
replaced an equal volume of water. Air or 100 per cent nitrogen was used 
as the gas phase, depending upon whether aerobic or anaerobic conditions 
were desired. Enzyme action was stopped by the addition of trichloroace- 
tic acid, 0.2 ml. of 100 per cent. Analyses for PD, PDP, acetol, and lactic 
acid were made on the protein-free filtrates. The data are expressed as 
micromoles of metabolite per 100 mg. of yeast cells, dry weight. The ex- 
periments were 4 hours in length and each value in Tables I to III is the 
average of four experiments. 


Results 


Lactic Acid As Substrate—Yeast cells were incubated anaerobically with 
lactic acid as the added substrate in. both the absence and the presence of 
sodium fluoride, the concentration varying from 5 X 10°? to2 X 10° 
(Table I). Lactic acid and other metabolites were quantitatively deter- 
mined after an incubation period of 4 hours. Statistically, significant 
amounts of 1,2-propanediol (2.1 and 2.8 umoles) were found in the pres- 
ence of 10-' and 2 X 10-' m sodium fluoride. Fluoride does not cause a 
significant accumulation of PDP at any of the concentrations used. It is 
of interest that lactic acid utilization was not inhibited by fluoride. It ap- 
pears likely that metabolism of lactic acid through the glycolytic reaction 
scheme should have been inhibited, and, by virtue of this inhibition, a 
greater proportion of the lactic acid utilized was recovered as PD and ace- 
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tol in the presence of fluoride than was recovered in similar experiments 
in which no fluoride had been added. These data imply that more lactic 
acid was utilized through the system under investigation. 

Acetol As Substrate—In preliminary experiments acetol was incubated 
with a suspension of cells under aerobic conditions for 1.5 hours and evi- 
dence was obtained which demonstrated the reduction of acetol to PD, thus 
confirming the work of Farber and Nord (10). It was found, as one might 
have anticipated, that anaerobic conditions favor the reduction of acetol to 


TaBLe I 


Effect of Sodium Fluoride on Formation of Metabolites from pu-Lactic Acid by Yeast 
under Anaerobic Conditions 








Metabolites found, umoles Sub- aos 

Additions to flask strate | counted 
moles for as me- 

PDP PD Acetol tabolites 





No added substrate....| 0.1 (+0.1)*) 1.3 (40.8) | 1.6 (40.4) 
pi-Lactatet (45.1 
pmoles).............] 0.2 (40.1) | 1.3 (40.5) | 0.7 (40.7) | 65.7 3 
pi-Lactateft (45.1 
pmoles) + fluoride 
OM as. ose... 0.7 (40.5) | 2.5 (42.7) | 26.6 (48.2) | 64.9 46 
pi-Lactatet (45.1 
pmoles) + fluoride 
ge ee ee 0.5 (40.4) | 2.1 (40.9) | 22.5 (415.8) | 72.0 35 
pu-Lactatet (45.1 
umoles) + fluoride 
eo: ee 0 2.8 (40.4) | 25.5 (415.9) | 57.1 50 




















* Standard error of the mean. 
{ The values shown have been corrected by the figures in line 1 for the contribu- 
tion of yeast cells in control experiments in which no substrate was added. 


PD and other metabolites (Table II). A significant amount of PDP (2.9 + 
1.3 ymoles) was also found when acetol was the added substrate under these 
conditions. When incubations were carried out in the presence of sodium 
fluoride, concentrations 5 X 10-* and 10 M, yeast cells converted more 
acetol to PD. 

PD and PDP As Substrates—dl-1 ,2-Propanediol and its phosphate ester 
were incubated with a suspension of yeast cells under aerobic conditions 
(Table III). A significant accumulation of acetol was found when PD was 
added as substrate. Previously, Goepfert (11) observed that the mold 
Fusarium lini Bolley would convert PD to acetol, Butlin and Wince (12) 
found that Bacterium suboxydans would perform this oxidation and Le- 
vine and Krampitz (13) made similar observations with a soil diph- 





722 1 ,2-PROPANEDIOL PHOSPHATE IN YEAST 

theroid. A significant amount of lactic acid was also found, which sug- 
gests that PD is oxidized to lactic acid, while there was only suggestive 
evidence that PD was phosphorylated under these conditions. The evi- 





TaBLe II 
Effect of Sodium Fluoride on Metabolites Formed from Acetol by Yeast 


under Anaerobic Conditions 





























Metabolites found, umoles Sub- Pak pn 
Additions to flask a ou 
PDP PD Lactic acid | #™°!€S | ‘tabolites 
No added substrate..... 0.4 (40.2)*) 0.9 (40.3) | 2.7 (41.3) 
Acetolt (18.4 wmoles)...| 2.9 (41.3) | 32.3 (47.7) | 4.6 (41.5) | 54.2 73 
‘* + (18.4 umoles) + 
fluoride (6 X 10-2 m)..| 4.6 (41.9) | 48.2 (49.5) | 2.5 (41.1) | 67.0 82 
Acetolt (18.4 umoles) + 
fluoride (10-! m)....... 4.1 (42.9) | 52.9 (44.7) | 4.0 (40.9) | 74.2 82 
Acetolt (18.4 wmoles) + 
fluoride (2 X 10-1 m)..| 0.4 (40.4) | 32.8 (41.9) | 4.0 (42.5) | 36.7] 101 
* Standard error of the mean. 


+ The values shown have been corrected by the figures in line 1 for the contribu- 
tion made by yeast cells in control experiments in which no substrate was added. 


TaB_e III 


Effect of Sodium Fluoride on Metabolites Formed from PD and PDP 
by Yeast under Aerobic Conditions 











Metabolites found, umoles —— Lm 
Additions to flask strate | counted 
used, | for as me- 
PDP PD Acetol Lactic acid | umoles | tabolites 
No added sub- 
strate.........} 1.0 (40.4)*| 1.7 (40.4)} 0.6 (40.2)} 0.6 (40.2)| 0 0 
PDPt (15.7 
pmoles)....... 3.3 (41.9)| 0 17.1 (44.9)| 62.6 33 
PDPf (15.7 
pmoles) + fluo- 
ride (10™! m)f.. 5.6 (+2.3)| 0 10.5 (+1.9)| 31.7 51 
PDf¢f (17.1 
umoles).......| 3.5 (42.2) 13.6 (+1.0)} 5.1 (+0.6)| 36.9 60 
PDf¢ (17.1 
pmoles) + fluo- 
ride (10-! m).. | 5.8 (43.6) 8.9 (41.5)} 2.1 (41.5)| 35.7 47 























* Standard error of the mean. 


t The values shown have been corrected by the figures in line 1 for the contribu- 


tion made by yeast cells in control experiments in which no substrate was added. 
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dence suggests that PDP may be hydrolyzed by phosphatase to PD during 
the incubation with yeast cells, although the data are inconclusive. It 
was not possible, with the data obtained, to determine whether acetol was 
formed by dehydrogenation of PDP and subsequent dephosphorylation 
of acetol phosphate or dehydrogenation of PD, which is formed by phos- 
phatase action on PDP, although lactic acid was formed from PDP. 

Both PD and PDP were incubated with yeast cells, under aerobic condi- 
tions, in the presence of sodium fluoride, 10-' m (Table III). There was a 
significant amount of PD and lactic acid formed from PDP; however, no 
acetol accumulated. Although there was lactic acid formed from PD in 
the absence of fluoride, this inhibitor seemed to prevent the accumulation 
of lactic acid. Fluoride did not prevent the conversion of PD to acetol. 
This observation is consistent with the data obtained from experiments 
in which lactic acid was the substrate. 

Analyses for Other Metabolites—The protein-free filtrates were also ana- 
lyzed for the appearance of keto acids by the direct method of Friedemann 
and Haugen (8). No significant accumulation of keto acids was observed 
after corrections were made for contributions made by acetol (14). Pro- 
tein-free filtrates were analyzed to determine the concentration of com- 
pounds that yield formaldehyde upon oxidation with periodate and, sub- 
sequently, formaldehyde was quantitatively determined (7). It was found 
in many instances that more “formaldehyde-yielding” compounds ap- 
peared than could be accounted for on the basis of the contribution made 
by propanediol, acetol, and endogenous substrates (14). 


DISCUSSION 


It has been previously expressed that PDP is metabolized to lactic acid 
by a pathway that involves acetol phosphate (Miller, Huggins, and Arai 
(1)). The interconvertibility of PDP, acetol, and lactic acid is taken as 
evidence that acetol is an intermediate in a sequence of reactions in which 
PDP is converted to lactic acid. 

It was demonstrated that PD and acetol accumulated when lactic acid 
was incubated anaerobically with yeast cells. The evidence that lactic 
acid is converted to PD and acetol, under anaerobic conditions, was not 
unequivocal, in that the effect noted might possibly have been an indirect 
one. Sodium fluoride, at concentrations high enough to inhibit glycolysis, 
did not inhibit lactic acid utilization, which is in confirmation of data 
previously reported by Miller and Olson (15) that demonstrated the in- 
sensitivity of cardiac muscle slices to fluoride poisoning with regard to lac- 
tic acid utilization. Although fluoride appears to favor the accumulation 
of acetol as well as PD, it is probable that this effect is the result of inhi- 
bition of the dissimulation of PDP. 
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More PD was formed from acetol under anaerobic conditions than under 
aerobic conditions. In this respect acetol may be similar to pyruvic acid 
in its ability to serve as a hydrogen acceptor. The addition of fluoride to 
the incubation mixture appeared to increase the accumulation of PD, which 
is in support of the view that fluoride blocks the further dissimulation of 
PDP. The observation that fluoride (10 m) failed to inhibit the total 
acetol utilization is in agreement with this concept. However, it is pos- 
sible that fluoride prevented the formation of pyruvic acid from endogenous 
substrates via the glycolytic system, and thus acetol may have served only 
as a hydrogen acceptor in place of pyruvic acid. The accumulation of 
PDP as well as PD suggests that acetol may be phosphorylated prior to 
reduction of PDP. 

Propanediol is oxidized to acetol, but less acetol accumulates in the pres- 
ence of fluoride (10-' m). This observation is apparently not consistent 
with the observed insensitivity of the acetol to fluoride inhibition. It is 
likely that fluoride does not directly effect either acetol or PD metabolism 
but rather that the effect may be on a common intermediate such as PDP. 
The oxidation of PD to lactic acid is in agreement with the observations of 
Newman et al. (16), who found that lactic acid accumulated in the perfused 
fluid when a cat liver was perfused with blood to which PD had been 
added. Also their findings are consistent with the observations of Rudney 
(3), who isolated carboxyl-labeled lactic acid from an incubation mixture 
in which propanediol-1-C“ was used as substrate. 

Curiously enough, fluoride did not prevent the accumulation of signifi- 
cant amounts of PD or lactic acid in the incubation mixture in which PDP 
was the added substrate, although no acetol accumulation was demon- 


strable in either the presence or the absence of the inhibitor. If PDP were | 


an obligatory intermediate for PD utilization, one would have anticipated 
that acetol would have accumulated when PDP was added as the substrate, 
just as was observed when PD was the added substrate. However, it seems 
unlikely that PDP was converted to lactic acid by virtue of its conversion 
to a glycolytic intermediate higher than pyruvic acid, since fluoride (10~ m) 
would certainly have reduced its conversion to lactic acid by this pathway. 

It appears that this investigation has given support to the original postu- 
late (1) that PDP is metabolized to lactic acid by a sequence of reactions 
which includes acetol or its phosphate ester as an intermediate. The me- 
tabolism of PDP in yeast cells may be considerably more complex than was 
anticipated from earlier work with other systems. 


SUMMARY 


The postulated metabolic pathway whereby 1,2-propanediol is metabo- 
lized to lactic acid via acetol or its phosphate ester was studied by using 


bake 
acid 7 
analy 
the 1 
posec 


a 
. 
gua) mcd tema tem su hel ed Se ee ee i ae oe 





n under 
vic acid 
oride to 
), which 
ation of 
1e total 
is pos- 
genous 
ed only 
ition of 
prior to 


he pres- 
nsistent 
- Itis 
abolism 
s PDP. 
tions of 
erfused 
d been 
Rudney 
nixture 


signifi- 
h PDP 
demon- 
P were 
cipated 
strate, 
t seems 
version 
10— m) 
thway. 
_ postu- 
actions 
he me- 
an was 


1etabo- 
y using 





C. G. HUGGINS AND O. N. MILLER 725 


bakers’ yeast cells. Propanediol, propanediol phosphate, acetol, and lactic 
acid were used as substrates for the cells, and the incubation mixtures were 
analyzed for metabolites of the proposed reaction sequence as well as for 
the remaining substrate. The data support the reaction sequence pro- 
posed for the metabolism of 1 ,2-propanediol phosphate (1). 


BIBLIOGRAPHY 


. Miller, O. N., Huggins, C. G., and Arai, K., J. Biol. Chem., 202, 263 (1953). 

. Groth, D. P., and LePage, G. A., Cancer Res., 14, 837 (1954). 

. Rudney, H., J. Biol. Chem., 210, 361 (1954). 

. Huggins, C. G., and Miller, O. N., Federation Proc., 13, 233 (1954). 

. Huggins, C. G., and Miller, O. N., J. Biol. Chem., 221, 377 (1956). 

. Huggins, C. G., and Miller, O. N., J. Biol. Chem., 221, 711 (1956). 

. Barker, S. B., and Summerson, W. H., J. Biol. Chem., 138, 535 (1941). 

8. Friedemann, T. E., and Haugen, G. E., J. Biol. Chem., 147, 415 (1943). 

9. Frisell, W. R., Meech, L. A., and Mackenzie, C. G., J. Biol. Chem., 207, 709 (1954). 
10. Farber, E., and Nord, F. F., Biochem. Z., 112, 313 (1920). 

11. Goepfert, G. J., J. Biol. Chem., 140, 525 (1941). 

12. Butlin, K. R., and Wince, W. H. D., J. Soc. Chem. Ind., 58, 363 (1939). 

13. Levine, S., and Krampitz, L. O., J. Bact., 64, 645 (1952). 

14. Huggins, C. G., Thesis, Tulane University (1954). 

15. Miller, O. N., and Olson, R. E., Arch. Biochem. and Biophys., 60, 257 (1954). 

16. Newman, H. Q., Van Winkle, W., Jr., Kennedy, N. K., and Morton, M. C., J. 
Pharmacol. and Exp. Therap., 68, 194 (1940). 


NIoark wd 


XUM 











Th 
oxyTi 
phate 
ory h 
to th 
orato 
be ac 
resul 
addit 


obse1 
classi 


tigat: 
(DN. 
(10) 

comy 
fract 
was 

nucle 
of pr 
soluk 
rates 
of D 
be cc 
(16, 

atior 
mito 
chici 
ured 


parti 
with 


RATES OF DEOXYRIBONUCLEIC ACID FORMATION AND 
CELL PRODUCTION IN REGENERATING RAT LIVER 


By R. DAOUST, C. P. LEBLOND, N. J. NADLER, anp M. ENESCO 


(From the Montreal Cancer Institute, Notre Dame Hospital, and the 
Department of Anatomy, McGill University, Montreal, Canada) 


(Received for publication, November 22, 1955) 


The parallel between mitotic activity and the rate of P® uptake into de- 
oxyribonucleic acid (DNA) (1, 2) is explained by the incorporation of phos- 
phate into the new DNA synthesized for each mitosis. The classical the- 
ory holds that the amount of new DNA thus formed for mitosis is just equal 
to that previously present in the cell. However, data obtained in this lab- 
oratory indicated that twice as much P*-labeled DNA was formed as could 
be accounted for by the net increase in DNA content at mitosis (3,4). This 
result suggested that the mitotic process involved not only formation of 
additional DNA but also replacement of the previously present DNA. 
This renewal theory was supported by Barnum ef al. (5), whereas recent 
observations made on bacteria (6, 7) and growing liver (8) supported the 
classical theory. 

The validity of the DNA renewal theory was checked by a critical inves- 
tigation of the methods used: (1) The deoxyribonucleic acid phosphorus 
(DNA P) isolated by a modified (9) Schmidt and Thannhauser procedure 
(10) was found not to be significantly contaminated by other phosphorus 
compounds (9). (2) The specific activity of the acid-soluble phosphorus 
fraction, which in our studies was taken to be that of the DNA precursor, 
was compared to that of the free nucleotides present (the precursors of 
nucleic acids (11-14)) and found to be quite similar (15). Recalculations 
of previous results (3, 4) with the nucleotides instead of the whole acid- 
soluble fraction to represent the DNA P precursor gave negligibly higher 
rates of DNA P formation. Therefore, the published figures for the rates 
of DNA P formation, or at least their order of magnitude, are presumed to 
be correct. (3) The colchicine used to measure the rate of cell production 
(16, 17) has been shown in recent investigations to interfere with the initi- 
ation of mitosis and to induce the disintegration of some of the arrested 
mitoses. Thus, the estimates of cell formation obtained by use of the col- 
chicine technique may be too low. 

Accordingly, a tissue in which the rate of cell production could be meas- 
ured directly was sought for study. Since active liver regeneration after 
partial hepatectomy leads to accumulation of a large number of new cells 
within a definite time period, such cell production can be measured by de- 
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termining increases in weight and DNA P* content of the remaining liver 
tissue. In the present work the rates of P® uptake by DNA were estimated 
by the same methods as in previous investigations (3, 4) and were directly 
compared to the net increases in DNA P*! content. 


Materials and Methods 


Forty-eight adult male albino rats weighing 220 gm. on the average 
(range 190 to 230 gm.) were divided into groups of six or twelve animals, 
The rats were injected subcutaneously with 150 uc. of P*-phosphate and 
partially hepatectomized 2 hours later by removal of the median and left 
lateral lobes of the liver (18). All hepatectomies were performed between 
11 a.m. and 2 p.m. The animals were maintained on a diet of Purina fox 
chow. A 5 per cent glucose solution was given as drinking water after 
hepatectomy. 

At various intervals after the operation, the animals (twelve rats at 0 
hour, six at 12 and 18 hours, twelve at 24 hours, and six at 36 and 48 hours) 
were anesthetized with ether and exsanguinated via abdominal aortic punc- 
ture. The remaining portions of liver were excised and weighed after plac- 
ing a small aliquot in Susa fluid for histological study. The livers of groups 
of six rats were pooled and kept at — 10° until the last group of animals had 
been sacrificed. After thawing and mincing in a Plexiglass squeezer, 3 gm. 
of liver pulp were weighed out of each pool and homogenized with 40 ml. 
of ice-cold 10 per cent trichloroacetic acid. The supernatant fluid (acid- 
soluble fraction) was obtained by filtration; half was used to investigate 
the whole acid-soluble phosphorus fraction, the other half for the separation 
of inorganic from organic phosphorus (19). The DNA was isolated chem- 
ically from the residue (acid-insoluble fraction) by the modified (9) Schmidt 
and Thannhauser procedure (10). This procedure, which entailed a regular 
loss of 20 to 25 per cent of the DNA (unpublished data), was sufficiently con- 
sistent for the values obtained to be considered valid, relative to one an- 
other. 

The total phosphorus content (P*') of the various fractions was deter- 
mined (20), following digestion with concentrated sulfuric acid, except in 
the case of the inorganic fraction, which was estimated directly. Radio- 
phosphorus content was determined in triplicate 0.5 ml. aliquots of the di- 
gested solutions. The injected dose of P® was calculated from aliquots of 
the P® solution used for the injections. The specific activities of the phos- 
phorus fractions were computed as percentages of the injected dose per 
microgram of phosphorus, the figure for the injected dose being adjusted 
for 200 gm. of body weight as in the previous work (3, 4). 

To calculate the rates of DN AP formation, simple calculations were used. 
More refined mathematical analysis by one of us (N. J. N.) led to the same 
conclusions as outlined below. 
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RESULTS AND DISCUSSION 


In the zero hour group, it was found that the median and left lateral 
liver lobes accounted for 69.1 per cent and the remaining lobes for 30.9 per 
cent of the mean liver weight (8.85 gm.). Postoperatively, the weight of 
the remaining lobes increased progressively, starting 24 hours after opera- 
tion (Table I). Microscopic examination revealed that mitoses were few 
at 0, 12, and 18 hours, but were numerous at 24 hours and thereafter. 
These observations were in agreement with previous reports (18, 21-26). 


TaBLeE I 


Liver Weights, Amount of DNA P, and Specific Activities of Phosphorus Fractions at 
Different Time Intervals Following Partial Hepatectomy 




















Amount of DNA Pt Specific activities of phosphorus fractionst§ 

Time after | weicht of li : 

rtial hepa- | Welsht of liver Acid-soluble P 
Meectomy | HaRHe Drese)  ive “——o DNA P 
ue 
5 a |Inorganic P | Organic P 
hrs. gm. mg. per gm. mg. 

0 2.74 0.149 0.408 13.28 10.46 0.036 
12 2.60 0.162 0.421 3.74 4.23 3.62 0.044 
18 2.84 0.156 0.443 2.80 3.33 2.66 0.050 
24 3.41 0.153 0.522 3.28 2.82 2.18 0.247 
36 4.12 0.158 0.651 2.53 1.91 2.13 0.743 
48 4.81 0.158 0.760 2.04 1.71 2.03 0.908 




















* The value at zero time represents the total weight of the small lobes left imme- 
diately after partial hepatectomy. 


t The figures in each column must be considered relative to one another and not 
as absolute values (see the text). 

t The radiophosphorus was injected 2 hours before partial hepatectomy. 

§ Specific activity values are expressed as percentages of the injected dose of P* 
per microgram of P*! xX 10-‘, the figure for the injected dose being adjusted for 200 
gm. of body weight. 


The uncorrected values for the DNA P (P*) content of regenerating liver 
(Table I), like the accurate DNA values reported for the 24, 36, and 48 
hour intervals by Ultmann ef al. (26), showed that the amount of DNA P 
per gm. of fresh liver remained practically constant at the different periods 
studied and, as a consequence, the DNA P content increased in proportion 
to the liver weight (Table I). 

The specific activities of the whole acid-soluble phosphorus fraction as 
well as those of its inorganic and organic components (Table I) were similar 
to the specific activity values obtained for livers of intact rats at corre- 
sponding time intervals after P® injection (3); therefore, hepatectomy had 
not significantly altered the rate of phosphorus deposition in these fractions. 
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At the end of 12 hours, the specific activities of the various acid-soluble 
fractions had reached the same order of magnitude, and later each showed 
similar slow and progressive decreases with time (Table I). 

The specific activity of DNA P remained low until 18 hours after hepa- 
tectomy, but during the 18 to 24 hour period and thereafter rose steadily 
(Table I). Thus, active DNA synthesis started about 18 hours after par- 
tial hepatectomy (27, 28). 

To compare the increase in liver weight (or liver DNA P) with the in- 
crease in newly formed DNA P, it was necessary to consider only the data 
obtained after significant cell formation began; that is, after the 18th hour 


TaBLeE II 
Increases in Weight and Total DNA P Content of Rat Liver As Compared to Amounts 
of Labeled DNA P Formed during Various Time Intervals 
Following Partial Hepatectomy 


The results are expressed as per cent of the DNA P present at the end of each 
time period. 











| Increase in amount of 
Time interval Increase in liver weight Increase in amount of | newly formed DNA P 
DNA P per liver | (m X 100)/(m + n) 
hrs. | 

18-24 16.7 15.1 8.3 
18-36 31.1 32.0 31.5 
18-48 41.0 41.7 40.3 
24-36 17.2 19.8 25.9 
24-48 29.1 31.3 35.3 
36-48 14.3 14.3 12.3 














following operation. All possible experimental periods between 18 and 48 
hours were, therefore, examined in the calculations (Table IT, first column). 
For any given period, the increases in liver weight were conveniently ex- 
pressed as percentages of the total amount present at the end of the period 
(second column). Increases in the amount of DNA P per liver were ex- 
pressed in the same manner (third column). Here again it is apparent 
that liver weight and DNA P increase in parallel fashion. 

The purpose of the present work is to compare the rate of addition of 
DNA P as presented in the third column of Table II to the rate of uptake 
of P® by DNA. To calculate the latter, let us consider that the DNA P 
found at the end of each time period (with its specific activity designated 
as “‘y’’) is composed of the DNA P present at the beginning of the period 
(in an amount m and with a specific activity a) and the DNA P formed 
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during the period (in an amount n and with the specific activity of the 
precursor, that is the mean specific activity, 8, of the organic acid-soluble 
phosphorus during that period). This can be expressed by the general 
equation for mixtures, ma + n8 = (m + n)y. 
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HOURS AFTER PARTIAL HEPATECTOMY 


Fic. 1. Experimental values for the newly formed DNA as compared to the 
values calculated on the basis of the classical and renewal theories. The experi- 
mental data support the classical theory. 


The problem is to estimate how much of the DNA P present at the end 
of a period is newly formed; that is, to calculate the ratio of new to total 
DNA P, n/(m + n), which may be obtained from the above equation, in 
which a, 8, and y are known, by adding —na to both sides. The resulting 
equation is n/(m + n) = (y — a)/(8 — a). The calculation of this ratio 
for each period is tabulated as the “Increase in amount of newly formed 
DNA P” (Table II, fourth column). 
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The rates of appearance of new DNA P thus calculated should be either 
equal to or double the rate of addition of DNA P (Table II, third column) 
according to whether the classical or the renewal theory of P® incorporation 
into DNA is correct. Examination of Table II revealed that in no case 
were the figures in the fourth column of Table II double those in the third 
column. On the other hand, the figures in the two columns were of the 
same order of magnitude, with the exception of the result obtained at the 
18 to 24 hour interval, which may be ascribed to experimental variations, 

Similarly, when these results are expressed as amounts of new DNA P 
formed after 18 hours (Fig. 1), it may be seen that the experimentally de- 
termined amount of newly formed DNA P appearing in regenerating liver 
is about equal to the amount predicted by the classical theory; that is, to 
the amount of DNA P added to the tissue. These results confirmed those 
obtained under similar conditions by Nygaard and Rusch (29), whose work 
came to our attention while the present report was being prepared. 

The amount of new DNA P which is formed in the liver during active 
regenerative growth may thus be entirely accounted for by the net increase 
in the DNA P content of the organ. Since DNA synthesis is known to 
occur exclusively at the duplication stage of mitosis (30), this would mean 
that only the additional DNA which is then formed becomes labeled. These 
results, therefore, support the classical hypothesis that the dividing cells 
contain half old, half new DNA, and contradict the hypothesis that pre- 
existing DNA is replaced at mitosis by twice its amount of new DNA, as 
suggested by results obtained previously in our own (3, 4) and other lab- 
oratories (5). Thus the present work offers support to the concept that 
DNA is metabolically stable. 


SUMMARY 


The increase in the deoxyribonucleic acid phosphorus content of the re- 
generating rat liver has been measured after partial hepatectomy and com- 
pared to the rate of formation of P*-labeled DNA under the same condi- 
tions. 

The results showed that the total amount of labeled DNA P which ap- 
pears in the liver during regenerative growth may be accounted for by the 
net increase in the DNA P content of the organ. 

The present data support the view that the duplication of DNA at mito- 
sis is not due to a replacement of the preexisting DNA by twice its amount 
of new DNA, but rather to the addition of an amount of new DNA equal 
to that already present. 


This work was supported by grants of the National Cancer Institute of 
Canada to Dr. A. Cantero and Dr. C. P. Leblond. 





XUM 


Noor wnds 


a - e 


either 
{umn) 
ration 
2 case 
third 
of the 
at the 
tions. 
NAP 
ly de- 
y liver 
is, to 
those 
> work 


active 
crease 
wn to 
| mean 
These 
g cells 
ut. pre- 
NA, as 
er lab- 
t that 


the re- 
d com- 
condi- 


ich ap- 
by the 


t mito- 


mount 
. equal 


tute of 





Nour WW 





XUM 


DAOUST, LEBLOND, NADLER, AND ENESCO 733 


BIBLIOGRAPHY 


. Hevesy, G., Radioactive indicators, New York (1948). 

. Hull, W., and Kirk, P. L., J. Gen. Physiol., 33, 335 (1950). 

. Stevens, C. E., Daoust, R., and Leblond, C. P., J. Biol. Chem., 202, 177 (1953). 
. Daoust, R., Bertalanffy, F. D., and Leblond, C. P., J. Biol. Chem., 207, 405 (1954). 
. Barnum, C. P., Huseby, R. A., and Vermund, H., Cancer Res., 18, 880 (1953). 

. Fujisawa, Y., and Sibatani, A., Experientia, 10, 178 (1954). 

. Hershey, A. D., J. Gen. Physiol., 38, 145 (1954). 

. Barton, A. D., Federation Proc., 18, 422 (1954). 

. Daoust, R., Thesis, McGill University (1953). 

. Schmidt, G., and Thannhauser, 8. J., J. Biol. Chem., 161, 83 (1945). 

. Schmitz, H., Potter, V. R., Hurlbert, R. B., and White, D. M., Cancer Res., 14, 


66 (1954). 


. Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 209, 1 (1954). 

. Edmonds, M. P., and LePage, G. A., Cancer Res., 15, 93 (1955). 

. Marrian, D. H., Biochim. et biophys. acta, 14, 502 (1954). 

. Daoust, R., and Cantero, A., Cancer Res., 15, 734 (1955). 

. Leblond, C. P., and Stevens, C. E., Anat. Rec., 100, 357 (1948). 

. Bertalanffy, F. D., and Leblond, C. P., Anat. Rec., 115, 515 (1953). 

. Higgins, G. M., and Anderson, R. M., Arch. Path., 12, 186 (1931). 

. Delory, C. E., Biochem. J., 32, 1161 (1938). 

. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

. Brues, A. M., and Marble, B. B., J. Exp. Med., 65, 15 (1937). 

. Johnson, R. M., and Albert, 8., Arch. Biochem. and Biophys., 35, 340 (1952). 
. Makino, S., and Tanaka, T., Texas Rep. Biol. Med., 11, 588 (1953). 

24. Stowell, R. E., Arch. Path., 46, 164 (1948). 

. Tsuboi, K. K., Yokoyama, H. O., Stowell, R. E., and Wilson, M. E., Arch. Bio- 


chem. and Biophys., 48, 275 (1954). 


. Ultmann, J. E., Hirschberg, E., and Gellhorn, A., Cancer Res., 18, 14 (1953). 
. Hecht, L., and Potter, V. R., Proc. Am. Assn. Cancer Res., 2, 23 (1955). 
. Holmes, B. E., and Mee, L. K., Annual report of the British Empire cancer 


campaign, Sussex, 249 (1953). 


. Nygaard, O., and Rusch, H. P., Cancer Res., 15, 240 (1955). 
. Stevens, C. E., Daoust, R., and Leblond, C. P., Canad. J. Med. Sc., 31, 263 (1953). 











F¢ 


of n 
(3), 
pen 
biol 
accu 
mag 
a la 
Dav 
equi 


dist 
and 
bece 
dete 
they 
mag 


(9), 
cura 
be c 
tion 


oxal 
dist 


1 lit 


tute 
tion: 


A SENSITIVE, ACCURATE SPECTROPHOTOMETRIC METHOD 
FOR THE DETERMINATION OF MAGNESIUM IN SERUM* 


By RUTH MITCHELL LEVINE anp JOHN R. CUMMINGS 


(From the Department of Pharmacology, Tufts University School of Medicine, 
Boston, Massachusetts) 


(Received for publication, December 21, 1955) 


Numerous chemical procedures have been reported for the determination 
of magnesium. Precipitation methods (1, 2), indirect titration methods 
(3), and colorimetric methods such as the titan yellow procedure which de- 
pends upon lake formation (4, 5) have not proved entirely satisfactory for 
biological work, owing to a lack of either sensitivity, reproducibility, or 
accuracy. The majority of the flame photometric methods for measuring 
magnesium, for example the procedure of Kapuscinski et al. (6), suffer from 
a lack of sensitivity and resultant high background. In a recent paper, 
Davis (7) has circumvented these difficulties, but only by means of special 
equipment, vis. photomultiplier and oxyhydrogen flame accessories. 

With the growing emphasis in our laboratory and elsewhere on cation 
distribution in normal and pathological states, a need for a simple, accurate, 
and sensitive method for determining magnesium in biological material 
became apparent. We were particularly interested in the procedures for 
determining magnesium in water by using Eriochrome Black T (8, 9), since 
they involve a true solution of a colored magnesium complex in which the 
magnesium concentration is directly proportional to the color intensity. 

The method reported here is, in principle, similar to that of Young et al. 
(9), modified for use with biological material. It is both sensitive and ac- 
curate and has the additional advantage that a calcium determination can 
be carried out on the same sample of serum as that used for the determina- 
tion of magnesium. 


EXPERIMENTAL 


Reagents— 

1. Calcium precipitating reagent. To 1 volume of saturated ammonium 
oxalate, 1 volume of 1 m sodium acetate buffer, pH 5.0, and 3 volumes of 
distilled water are added. 

2. Trichloroacetic acid. 62.5 gm. of trichloroacetic acid are made up to 
1 liter with water. 


* This work was supported by research grant No. BH914 from the National Insti- 
tute of Neurological Diseases and Blindness, and grant No. H-1533 from the Na- 
tional Heart Institute, National Institutes of Health, Public Health Service. 
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3. Piperidine buffer, pH 12.0 to 12.2. Piperidine, 15.6 ml., is diluted 
with about 70 ml. of water. After mixing, 1.5 ml. of concentrated HCl are 
added and the solution diluted to about 100 ml. with water. If necessary, 
the buffer may be adjusted with HCl or piperidine so that the pH is between 
12.0 and 12.2. A Beckman model G pH meter, equipped with a saturated 
calomel electrode and a Beckman type E glass electrode, was used and 
standardized with 0.04 m borax at pH 9.18. The age of the piperidine 
buffer should not exceed 48 hours. 

4. Magnesium standard. For the stock solution, powdered metallic 
Mg, 100 mg., is placed in a 100 ml. flask and dissolved in 5 ml. of water and 
2.5 ml. of concentrated HCl. This solution is diluted to 100 ml. with water 
and 2 ml. of chloroform are added as a preservative. Working standards 
are prepared from the stock solution each day. 

5. Ethanol. Commercial 95 per cent ethanol, transported in metal con- 
tainers, was found to be unsuitable for the procedure. Therefore, 95 per 
cent ethanol is distilled in an all-glass apparatus and then stored in glass 
bottles. 

6. Dyesolution. Eriochrome Black T (Hach Chemical Company, Ames, 
Iowa), 10 mg., is transferred to a 25 ml. volumetric flask, 1.5 ml. of water 
being used. Piperidine buffer, 0.1 ml., is added and the solution brought 
to the 25 ml. mark with redistilled 95 per cent ethanol. After a brief shak- 
ing, the dye reagent is transferred to a 100 ml. brown glass bottle fitted with 
a vented stopper encased in Parafilm. The solution is shaken mechanically 
for 30 minutes and then stored in the dark until ready for use. 


Analytical Procedure 


Precipitation of Ca—To 1 ml. of freshly drawn serum or plasma (heparin 
is used as an anticoagulant) in a 5 ml. conical centrifuge tube, 2 ml. of Ca 
precipitating reagent are added, and mixing is obtained by gently swirling 
the tube. The centrifuge tube is tightly covered with Parafilm and stored 
overnight at 4°. The following morning the precipitate is dislodged from 
the walls by vigorously rolling the tube between the palms of the hands. 
The tube is then centrifuged! in the cold for 20 minutes at 1200 X g, and 
from the tube, which must remain cold, 1 ml. of supernatant fluid is care- 
fully pipetted out and placed in a 15 ml. centrifuge tube for Mg determina- 
tion. Ifa Ca determination is to be made, the 5 ml. centrifuge tube is re- 
centrifuged at 1200 X g before proceeding further. 

Determination of Mg—To 1 ml. of the supernatant fluid from the precipi- 
tation of Ca, 4 ml. of 6.25 per cent trichloroacetic acid are added and mixed 
by gentle swirling. The protein precipitate is allowed to form for at least 


1§pecial carriers were obtained from the International Centrifuge Company, 
Boston, Massachusetts. 
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uted | 5 minutes and the tube is then centrifuged for 15 minutes at 1400 X g. A 
lare | 2 ml. aliquot of the supernatant fluid is pipetted into a 10 ml. volumetric 
sary, | flask. 3 ml. of piperidine buffer, 3 ml. of 95 per cent ethanol, and 1 ml. of 
ween | dye solution are added to the flask and the contents brought to volume with 
rated | water. The flask is vigorously shaken and then stored in the dark for 30 

and | minutes. A 1 ml. water blank and 1 ml. dilute Mg standards in water (10 
idine | to 40 y to correspond with 1 ml. of serum) are simultaneously car- 
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rirling 
stored 
from | ried through the entire procedure, beginning with the addition of the buf- 
vands. | fered oxalate reagent. 

y, and The unknown and the standards are read against the reagent blank in a 
}care- | Beckman model DU spectrophotometer in Corex 1 cm. cells at 520 my. 
mina- | The sensitivity knob is kept about one-half turn from its fully counter- 
is re- | clockwise position in order to obtain a narrow slit width (about 0.4 mm.). 


recipi- Validity of Method 

mixed Sensitivity of Range—The sensitivity of the method allows for the de- 
t least | termination of Mg in amounts as low as 5 y per ml. of serum (0.5 mg. per 
npeny, cent). As Fig. 1 reveals, the absorption curve is linear up to a concentra- 
tion of 40 y per ml. The absorbance is also directly proportional to the 


Fig. 1. Concentration curve 
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quantity of Mg from 40 to 80 y per ml., but there is a break in the curve 


at 40 y. 


TABLE I 
Reproducibility of Magnesium Determinations in Replicate Dog and Rabbit 
Plasma Samples 











Specia | SumpleNo.| Sourcottiood | Moenvium, | Aromas, | fer mt 
Dog 1 Arterial 2.40 0.015 0.63 
2.37 
2 - 2.40 0 0 
- 2.40 
3 sad 2.25 0 0 
= 2.25 
4 - 2.60 0 0 
” 2.60 
5 Venous 2.15 0.035 1.65 
“ 2.08 
6 wid 2.20 0.1 4.3 
va 2.40 
7 2.30 0 0 
“ 2.30 
8 - 2.40 0.05 2.04 
= 2.50 
9 as 2.45 0 0 
. 2.45 
10 " 2.20 0.03 1.3 
sas 2.23 
sa 2.27 
os 2.27 
ll sis 2.60 0.025 0.95 
as 2.65 
12 ' 2.30 
= 2.35 0.03 1.0 
- 2.35 
Rabbit 1 = 3.25 0 0 
- 3.25 
2 “5 2.72 0.06 2.2 
4 2.60 
3 - 3.02 0.015 0.5 
" 3.05 
4 ¥ 3.00 0.05 1.6 
- 3.10 | 

















Stability of Color—The color development is complete within 30 minutes 
after the addition of the Eriochrome Black T reagent, and the measured 
absorbances remain constant up to 60 minutes. 


One factor in the stability 





of tl 
stab 
tion 


colo 
in re 
ture 
the | 
be r 


Se 


XUM 


urve 





ent 
nce 


55 


Linutes 
asured 
ability 





R. M. LEVINE AND J. R. CUMMINGS 739 


of the final color is the age of the dye solution. The dye reagent attains a 
stable value 30 minutes after preparation and remains stable for an addi- 
tional 90 minutes. 

Effect of Temperature—Three sets of standards were prepared and the 
color allowed to develop at 20.5°, 28°, and 37.5°. There was no difference 
in readings between the three sets of standards, indicating that tempera- 
ture, within the range of 20.5-37.5°, has no effect upon color development. 

Effect of pH—The degree of color development is a function of the pH of 
the final solution (8, 10). The pH of the piperidine buffer must, therefore, 
be rather rigorously controlled. There is no difference in the absorbancy 








TaBLeE II 
Recovery of Magnesium 
Serum sample Magnesium added| Magnesium found |Magnesiumcalculated| Per cent difference 
y per mi. mg. per cent mg. per cent 

A 0 2.50 

7 5 2.95 3.00 —1.7 
m 10 3.50 3.50 0 

” 15 3.98 4.00 —0.5 
B 0 2.09 

- 5 2.63 2.59 +1.5 
" 10 3.00 3.09 —2.9 
" 15 3.55 3.59 —1.1 
C 0 2.33 

” 5 2.80 2.83 —1.1 
es 10 3.35 3.33 +0.6 
an 15 3.93 3.83 +2.6 
D 0 2.23 

ig 5 2.80 2.73 +2.5 

















measurements with piperidine buffers ranging between pH 12.0 and 12.2. 
According to the procedure outlined above, the final pH is between 11.4 and 
11.5 and the absorbancy measurements are constant within this range. 
Since the final pH of the reaction is determined not only by the piperidine 
buffer but also by the amount of ethanol added, this latter addition must 
be made accurately. 

Effect of Oxalate—A comparison of standards prepared with and without 
oxalate showed that oxalate decreased the measured absorbance; the greater 
the oxalate concentration, the lower the absorbancy values. 

Effect of Other Ions—Eriochrome Black T forms complexes with ions 
other than Mg, notably Ca. Although the latter could produce a con- 
siderable error in the determination of Mg in serum, the method of precipi- 
tating Ca used here has given reproducible results not only in replicate de- 
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terminations of Mg (Table I) but also in subsequent determinations of Ca 
by flame photometry (11). Quantitative recovery of known amounts of 
Mg (Table II) and of Ca added to serum was also indicative of complete 
Ca precipitation. 

Addition of K and Na as chlorides in amounts equivalent to and above 
the normal range found in serum had no effect on the color development. 
Addition of Fe as Fe2(SO.)3 and FeSO, in amounts corresponding to 10 times 
the upper limit of Fe in plasma (10 X 0.2 mg. per cent) had no effect on the 
measured absorbance of Mg or the reagent blank. 

Reproducibility and Recovery—In Table I is a series of replicate determi- 
nations of Mg in dog and rabbit plasma. The greatest error found among 
the replicates was 4.3 per cent, but in only six out of sixteen determinations 
was the error greater than 1 per cent. 

In order to test the accuracy of the method in recovering Mg from plasma, 
a series of experiments was run in which known amounts of Mg were added 
to aliquots of the same sample of plasma before the precipitation of Ca, 
The results of four of these experiments are given in Table II. It may be 
noted that the error in recovery never exceeded +3 per cent. 


DISCUSSION 


The presence of oxalate in the reaction mixture affects the measured ab- 
sorbance. However, if the standard and the reagent blank are treated 
in exactly the same manner as the sera, this effect of oxalate is canceled. 
If the quantity of the aliquot taken from the supernatant fluid of either 
the Ca or the protein precipitation is increased, the amount of oxalate pres- 
ent in the final mixture is automatically increased. Therefore, any in- 
crease in sensitivity that might be hoped for is largely canceled by the in- 
terference of the increased oxalate concentration. Also, when the amount 
of the aliquots taken for analysis is increased, the absorption curve is linear 
over a shorter range. Satisfactory linearity and reproducibility are ob- 
tained only with the final oxalate concentration produced by the procedure 
outlined above. 

The major factor in the accuracy and reproducibility of the Mg determi- 
nation is the completeness of the Ca precipitation. Various other methods 
of precipitating Ca were tried (8, 12), but the results proved unsatisfactory. 
Even with the method outlined above, extreme care must be taken to make 
certain that the Ca oxalate is well sedimented before aliquots of the super- 
natant fluid are removed for Mg determination. The samples should be 
recentrifuged if necessary. In addition, unsatisfactory replication of the 
results was obtained when aliquots for Mg determination were taken from 
supernatant fluids which had been allowed to warm up to room tempera 
ture. Therefore, sampling for the determination of Mg was carried out 
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either in the cold room or at room temperature by keeping the centrifuge 
tubes immersed in ice. 

Although we found that Na, K, and Fe in concentrations well above those 
found in normal plasma did not interfere with the measurement of Mg, 
Young et al. (9) reported slight interference of Na and K in their method 
for the simultaneous determination of Ca and Mg with Eriochrome Black T. 
The error produced by Na and K was greater for Ca than for Mg and may 
have been due to the fact that their determinations were based on absorb- 
ancy measurements made at two pH values, 9.52 and 11.70. These same 
authors found considerable error in their measurement of Mg in the pres- 
ence of Fe. In their procedure, Young and his coworkers add the dye re- 
agent to the reaction mixture before the addition of the buffer. Diehl et al. 
(13) have shown that Fe will combine with Eriochrome Black T when the 
indicator is added before the buffer. However, when the buffer is added 
before the dye, as in our procedure, the Fe is precipitated as the hydroxide 
and is no longer a source of error. 

Young and Sweet (10) have presented evidence which indicates that 
Eriochrome Black T forms 1:1, 2:1, and 3:1 complexes with Mg. They 
found that the formation of higher complexes increases as the pH increases, 
and that at pH 11.7 the 3:1 complex exists. The absorbance at 520 my is 
consequently greatest for this high pH. In preliminary investigations, by 
the method of Harvey et al. (8), we used a buffer at pH 10.1 and found that 
the absorption curve was linear for only a very narrow range of Mg concen- 
trations. We also noted that increasing the amount of dye reagent in- 
creased the absorbancy measurements; 7.e., increased the slope of the curve. 
However, the amount of dye reagent which can be used is self-limiting, 
owing to the color of the Eriochrome Black T, and therefore linearity could 
not be attained simply by increasing the amount of dye reagent further. 
These preliminary investigations indicated that at pH 10.1 no one complex 
of Mg and dye predominated, and that a change in the molar ratio of Mg 
to dye reagent resulted in a change in the ratio of the mixture of the com- 
plexes present. We, therefore, preferred to use the higher pH value of 
11.5, at which value only the 3:1 complex apparently exists (10). How- 
ever, the break in the absorption curve (Fig. 1) at 40 y per ml. may be in- 
dicative of the fact that above this concentration of Mg a mixture of com- 
plexes is again encountered. 

The absorbancy values of the Mg standards are usually reproducible 
within 2 per cent from day to day. Important factors which may affect 
the standard reading are the age of the stock piperidine and the actual prep- 
aration of the reagents. In order to obtain results that are always com- 
parable, we suggest that at least two, preferably three, known concentra- 
tions of Mg be run with all unknowns. This practice will correct for any 
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error that may arise from an inadvertent change in the pH of the buffer or 
in the concentration of the dye. 


SUMMARY 


A spectrophotometric method is presented for the determination of mag- 
nesium in serum, in amounts as low as 5 y per ml., with Eriochrome Black T 
as the dye reagent. This method allows for the determination of calcium 
as well as magnesium on a 1 ml. sample of serum or plasma. In the sixteen 
values for normal dog and rabbit sera reported, the average error among 
magnesium replicate determinations was 0.95 per cent. The average error 
for the recovery of known amounts of magnesium from serum was 1.45 per 
cent. 


Addendum—Since this article was prepared for publication, a report of another 
method for the determination of Mg by using Eriochrome Black T (14) has come to 
our attention. In this method a buffer is used at pH 10.1 and requires 2 ml. of serum 
for the determination. In the procedure filter paper is utilized, a practice which, in 
our experience, increased the Mg content of the sample. The accuracy of Smith’s 
method is +5 per cent. 
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PYRIMIDINE BIOSYNTHESIS IN ESCHERICHIA COLI* 


By RICHARD A. YATES{ anp ARTHUR B. PARDEE 


(From the Virus Laboratory,'University of California, Berkeley, California) 
(Received for publication, November 21, 1955) 


The recent great interest in the formation and function of nucleic acids 
has caused a similar interest in the synthesis of such component parts of 
nucleic acid as the pyrimidines. Implicated in pyrimidine biosynthesis 
have been the compounds aspartic acid (1, 2), ureidosuccinic acid (US) 
(1-5), dihydroorotic acid (DHO) (6), orotic acid (OA) (4-8), 5-phosphori- 
bosylpyrophosphate (PRPP) (9), orotidine-5’-phosphate (O-5’-P) (10, 11), 
uridine-5’-phosphate (U-5’-P) (10, 11), and cytidine triphosphate (CTP) 
(12). 

A composite scheme of pyrimidine biosynthesis drawn from the above 
references can be summarized in the accompanying diagram, all steps with 
solid arrows representing known enzymatic reactions. 


Aspartic acid 





+H,0 +2H 
vs = -~+DHO = 
(A) (B) (C) 
Carbamy] phosphate 
PRPP —CO 
OA ———— —05'-P ———  U-8-P —— CTP 
4 
| Pod 
J WA 


nucleic acid 


The enzyme found for step (A) has been named ureidosuccinic acid 
synthetase by Jones et al. (1), and the enzymes for steps (B) and (C) are 
named, respectively, dihydroorotase (5) and dihydroorotic acid dehydro- 
genase (6) by Lieberman and Kornberg. 

The study of pyrimidine biosynthesis by Lieberman, Kornberg, and 
Simms has been outstanding in revealing enzymatically the whole pathway 
from step (B) on. One limitation to the conclusions drawn from their 
earlier work (5, 6) concerning the steps from US through OA, however, is 
that organisms (Zymobacterium oroticum (6) and some corynebacteria (13)) 
grown on OA media were used as source material for enzyme studies. Un- 


* Presented in part at the Pacific Slope Biochemical Conference, 121st meeting 
of the American Association for the Advancement of Science, December 30, 1954. 

Supported, in part, by research grants from the Lederle Laboratories Division, 
American Cyanamid Company, and the Rockefeller Foundation. 

+t Abraham Rosenberg Research Fellow during the course of this work. 


743 


XUM 








744 PYRIMIDINE BIOSYNTHESIS IN E. COLI 


der such growth conditions enzymes able to degrade OA may be formed 
adaptively to provide energy and constituents for cell growth, and such 
enzymes may be unrelated to normal pyrimidine biosynthesis. 

It was desired here to determine both qualitatively and quantitatively 
whether the early steps in the biosynthesis proceed as shown above or by 
an alternative mechanism as suggested by the work of Mitchell et al. with 
Neurospora crassa mutants (7). Escherichia colt, strain B, and two pyrim- 
idine-requiring F. coli mutants were used for this study, grown under con- 
tions for which all enzymes studied would presumably be present only to 
synthesize pyrimidines. 


Materials and Methods 


Uracil, OA, and pL-aspartic acid-4-C were purchased from the Cali- 
fornia Foundation for Biochemical Research. p1i-Ureidosuccinic acid pre- 
pared by the method of Nye and Mitchell (14) had a melting point at 
176.3° (decomposed). A mixed melting point with pt-US obtained from 
Dr. H. A. Barker showed no depression. 

L-Dihydroorotic acid was prepared by the method of Miller et al. (15) 
from carbethoxy-L-asparagine (16). Twice recrystallized from water, the 
product melted at 173° (uncorrected) and had the following composition: 
CsH,O.N:2 calculated, C 37.98, H 3.93, N 17.71; found, C 38.17, H 3.97, 
N 17.60 per cent. 

A culture of Z. oroticum, isolated by Dr. A. Kornberg (17) and charac- 
terized by Wachsman and Barker (18), was kindly provided by Dr. H. A. 
Barker. £. coli mutant 550-460 (ATCC 11548) and mutant 6386 (iso- 
lated by Dr. B. D. Davis), both of which require pyrimidines, were present 
in the collection of this Laboratory. 

C™“ was determined in a gas flow Geiger-Miiller counter with platinum 
plates. 

Bacterial Medium and Growth Conditions—E. coli strains were grown 
with aeration by swirling at 37° in a minimal medium of the following 
composition in gm. per liter: 7 KxHPO,, 2 KH2PO,, 0.5 sodium citrate-- 
5H,0, 0.1 MgSO,-7H2O, 1 (NH4)2S0,, 6.3 glycerol (or 2.5 glucose) (19). 
In some cases the medium was supplemented with 2 X 10-‘* m uracil or 
OA as growth factor. 

Z. oroticum cultures were grown on OA medium, harvested, suspended in 
the presence of OA in vacuo, washed, and suspended in ice water as de- 
scribed by Lieberman and Kornberg (6). Cultures were similarly grown 
and prepared as above in the absence of OA, glucose replacing OA as a 
carbon source. Extracts were prepared by treatment in a 10 ke. Ray- 
theon magnetostriction (sonic) oscillator for 20 minutes in the presence of 
200 mg. of glass powder. The extracts were centrifuged for 15 minutes at 
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10,000 X g, and protein determinations on the supernatant solution were 
made by the Folin method (20) standardized against the bacterial extract 
by biuret assays. All preparation and storage of the cell-free extracts were 
carried out near 0°. Storage for long periods of time was at —10°. 

Cell-free extracts of EZ. coli were also prepared in the sonic oscillator. 
For comparison with Z. oroticum, the conditions used were identical with 
those reported above. For other experiments extracts were prepared by 
sonic oscillation of cells suspended in ice water at a concentration of 2.5 X 
10° cells per ml. for 2.0 minutes. The extracts were centrifuged for 5 
minutes at 9000 X g to remove whole cells and cellular débris. 

Bacterial Counting Methods—The number of E. coli cells per ml. of cul- 
ture was determined either with use of a Petroff-Hausser bacterial counter 
or by means of turbidity readings (corrected to actual bacterial count) in 
a Klett-Summerson photometer with a green filter (No. 54). 1 Klett unit 
js equivalent to 0.9 X 10’ cells per ml. 

Assay for Pyrimidine Intermediates—As a qualitative and semiquantita- 
tive test for the presence of the various intermediates, paper chromatog- 
raphy was carried out. In a butanol-ethanol-formic acid-water system 
(by volume 5:3:2:1) (21), for OA Rp = 0.42, for DHO Rr = 0.45, and for 
US Rr = 0.53 in descending chromatograms. OA spots were detected by 
ultraviolet absorption and US and DHO spots by color procedures by 
using the Ehrlich reagent (22). 

Quantitative determinations of OA were made spectrophotometrically 
at various pH values (23). For the most accurate results, reaction and 
control samples were passed through Dowex 50 (acid form) columns to re- 
move amine-containing contaminants and were read at 270, 280, and 290 
my. Orotic acid can be quantitatively recovered in the eluate from the 
column. 

Ureidosuccinate was assayed quantitatively by the colorimetric method 
of Koritz and Cohen (24). Dowex 50 columns were used as above to re- 
move traces of amine-containing ureido compounds. 

Dihydroorotate was assayed by taking advantage of the large loss of 
optical density (maximal at 230 my) found to occur upon alkaline hy- 
drolysis of DHO to US. The rate of hydrolysis is first order with respect 
to DHO at any given alkali concentration (25). In general, 1.5 ml. of 1 
nN sodium hydroxide were added to 1.5 ml. of sample in silica Beckman 
cells at room temperature, mixed rapidly, and read at 240 my for 15 min- 
utes at timed intervals. The final equilibrium optical density was sub- 
tracted from all values, and the semilog plot of corrected optical density 
was extrapolated linearly to zero time. No substances in the assay mix- 
tures except DHO changed their optical density significantly in 15 min- 
utes. Both optical extinction coefficient (€) and hydrolysis rate constant 
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(k,) vary as alkali concentration is changed, but both reach a plateau and 
remain fairly constant over an alkali concentration range of 0.2 to 0.8 
NaOH, making the assay essentially independent of buffer concentration 
and of acid or CO: produced by the bacteria. In this plateau range, at 
25°, « = 6.15 X 10° mole, and k, = 0.17 min.'. A mechanism for the 
reaction will be proposed elsewhere. 


EXPERIMENTAL 


Study of E. coli Mutants—In this study of pyrimidine biosynthesis in 
E. coli, two pyrimidine-requiring mutants, as well as wild type £. coli, 
strain B, were used. An effort was made to characterize the point at which 
biosynthesis was blocked and to determine the rates of utilization or pro- 
duction of pyrimidines or intermediates. These data were later correlated 
with those obtained from enzyme studies with cell-free extracts. 

Preliminary studies showed that mutant 550-460 grew in minimal media 
containing uracil, uridine, or cytosine, but not thymine, OA, or DHO as 
growth factors. In the absence of growth factor, this mutant produced 
large amounts of orotic acid, which could be precipitated from concen- 
trated bacterial supernatant solutions as the potassium salt (26,7). After 
purification by charcoal, conversion to the acid form, and recrystalliza- 
tion from water, the bacterial product and commercial orotic acid had 
identical absorption spectra at all pH values (23), identical titration pK, 
values and equivalent weight, identical melting points, showed no depres- 
sion of a mixed melting point, and both behaved identically on chromato- 
grams (see “‘ Materials and methods’’). 

Although not isolated, US and DHO have been shown to be present 
along with OA in minimal supernatant solutions of this organism. As 
shown in Fig. 1, the typical ratio of OA:DHO:US was about 15:1:6. 
The rate of production of OA + DHO + US varied slightly with condi- 
tions of growth, but was about 11 X 10-"” mole per cell per hour in minimal 
media. In one division time (1.0 hour) 6.7 X 10-" mole per cell of uracil 
was taken up by the mutant and a similar amount of nucleic acid pyrim- 
idine was formed. 

In contrast to mutant 550-460, mutant 6386 was observed to use OA as 
well as uracil for a growth factor, but not to use DHO or US. Several 
substrains of this mutant could be differentiated by their growth rates 
with OA. The division times observed were 1.1, 1.8, 3.3, 6.8, and 10 (or 
more) hours. 

As expected, no OA was produced by suspensions of this mutant in 
minimal medium; however, DHO was present. The DHO was isolated 
from one minimal supernatant solution containing only 5 per cent the 
normal salt concentration by chromatography on Dowex 1 (formate), fol- 
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lowed by removal of cations by Dowex 50 (acid form) resin and vacuum 
concentration to dryness (6). After three recrystallizations from water, 
the bacterial product and synthetic t-dihydroorotic acid had the same melt- 
ing point (274° (decomposed)) with no depression of a mixed melting point, 
the same optical rotation, the same extinction coefficient and hydrolysis 
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Fig. 1. Production of pyrimidine intermediates by EZ. coli mutants. See the text 
for details. The dotted lines are used for mutant 6386 and the solid lines for mutant 
550-460. @, dihydroorotic acid production; M, ureidosuccinic acid production; 
@, orotic acid production; A, total production of pyrimidine intermediates; @, cell 
concentration of mutant 6386 and of mutant 550-460. 


rate constant in alkali, and identical chromatographic properties with the 
solvent mixture used above for OA. 

As shown in Fig. 1, US as well as DHO was produced by this mutant 
when suspended in minimal medium. As with mutant 550-460, the rates 
of US and DHO production varied slightly with conditions used, but under 
the same conditions reported for mutant 550-460, mutant 6386 produced 
US and DHO in a ratio of 1.4:1 and total production of 11 X 10-” mole 
per cell per hour. Also, in one division time (1 hour) 6.7 X 10-” mole 


XUM 








748 PYRIMIDINE BIOSYNTHESIS IN E. COLI 


per cell of added uracil or OA was consumed by the growing cells (i.e., 1 
umole allowed production of 1.5 X 10° cells). 

Studies on Cell-Free Extracts—Z. oroticum cells were grown and cell-free 
extracts were prepared as described under “‘ Materials and methods.” For 
the study of DHO oxidation, the reaction mixtures were read in a Beckman 
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MINUTES 
Fia. 2. Activities of dihydroorotase and of DHO dehydrogenase by extracts of Z. 
oroticum grown in the presence or absence of OA. For DHO oxidation, the reaction 
mixtures contained 0.033 m potassium phosphate, pH 6.5, 0.005 m MgCl:, 0.005 u 
cysteine, pH 7.0, 1.33 X 10-‘m DHO, and cell-free extract of 0.50 mg. of protein per 
ml. Total volume 3.0 ml. The substrate was added at zero minute to the reaction 
mixture and readings were made at 290 my against controls containing no substrate. 
OA values are magnified 10-fold. ©, Z. oroticum grown on OA enrichment media; 
O, Z. oroticum grown on glucose media. For study of DHO hydrolysis, the reaction 
mixtures contained 0.033 m potassium phosphate, pH 6.5, 0.005 m MgCloe, 0.0017 
Versene, 7 X 10-‘ m DHO, and cell-free extract of 0.50 mg. of protein per ml. Total 
volume 6.0 ml.; 37°; aliquots assayed at intervals for DHO as described under ‘Ma- 
terials and methods.” @, Z. oroticum grown on OA enrichment media; @, Z. orot- 
icum grown on glucose medium. 





DU spectrophotometer at 290 my against control samples lacking DHO. 
Fig. 2 shows that the initial rate of OA formation by extracts of Z. oroticum 
grown on OA medium was quite rapid, while extracts of Z. oroticum grown 
on glucose medium in the absence of OA had only about 5 per cent as much 
activity. As also demonstrated in Fig. 2, the activity of a second enzyme, 
dihydroorotase, was quite pronounced in extracts of Z. oroticum grown on 
OA, while extracts of the organism grown in the absence of OA were es- 
sentially inactive. 

The extremely low activities of both these enzymes in Z. oroticum grown 
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on glucose compared to the activities of cells grown in the presence of OA 
(Fig. 2) indicate that the enzymes may have been formed adaptively on 
exposure of the cells to OA. The enzymes might have been formed only 
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Fic. 3. Interconversion of OA, DHO, and US by extracts of Z. coli, strain B, and 
mutant 6386. Conditions, 0.033 m potassium phosphate, pH 6.5, 0.025 m MgClo, 
0.001 m Versene, and 0.42 mg. of extract protein (2.4 X 10% cells) per ml. The total 
volume was 6.0 ml. At zero time, substrate (L-DHO or pt-US) was added to 0.001 m 
concentration, mixed, and incubated at 37°. Samples were removed at intervals 
and assayed qualitatively and quantitatively for OA, DHO, and US as described in 
the text. The control samples lacked substrate. The values on the graph are 
concentrations in complete reaction mixtures minus values in control samples. OA 
values are magnified 10-fold. For £. coli, strain B, extract, DHO substrate plots 
are solid lines; O = DHO; A = OA; O = US. pt-US substrate plots are dash 
lines; @ = US; @ = DHO; A = OA. For mutant 6386 extract, DHO substrate 
plots are dotted lines; gj = DHO; A = OA. 


to use OA as a carbon source for metabolism and not to use it as a pyrim- 
idine precursor. The low but noticeable activity of the dehydrogenase in 
extracts of Z. oroticum grown on glucose media, however, might have been 
enough to account for the observed slow growth rate of the cells. Since 
quantitative determinations are difficult at the above low levels of activity, 
results obtained with cell-free extracts of the faster growing organism, EL. 
coli, strain B, grown on minimal medium may be more pertinent. 
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Fig. 3 presents results with extracts of Z. coli, strain B, grown on mini- 
mal medium and extracts of mutant 6386 grown on this medium plus uracil. 
As can be seen, the EZ. coli extracts oxidized DHO to OA and converted 
DHO to US and US to DHO readily, with good stoichiometry, since only 
the L isomer of pt-US was used (6). The extracts of mutant 6386 con- 
verted DHO to US readily but did not form any OA, indicating that mu- 
tant strain 6386 lacks the enzyme dihydroorotic acid dehydrogenase. This 
finding fits well with the data obtained for the mutant in vivo. 

As mentioned above, either DHO or US was converted to an equilibrium 
mixture of the two compounds by dihydroorotase. The equilibrium was 
determined over the range from pH 5.9 to 8.0 and found to be pH-de- 
pendent. At 37° the equilibrium constant [K, = ((US=)(H*))/(DHO-)] 
had an average value of 1.4 X 10-* m at pH 6.0 and showed a slight de- 
crease with increasing pH over the range studied (at pH 8.0, K. = 0.6 X 
10-*). This value for Ke compares fairly well with the value 1.5 X 10-* 
mM at pH 6.1 calculated from the experimental results of Lieberman and 
Kornberg (6). 

Although the results from Fig. 3 indicate the presence of dihydroorotase 
and DHO dehydrogenase in Z. coli grown in minimal medium, the condi- 
tions used for the determinations were far from optimal. Fig. 4 shows 
that, for hydrolysis of DHO to US, the dihydroorotase has a pH optimum 
of 8.0. The shape of the dihydroorotase hydrolytic activity curve may be 


attributed to the titration of two groups in the active site of the enzyme | 


(27) with pK values about 7.7 and 8.2 at 36°. 

The optimal pH range for conversion of US to DHO is quite broad, with 
an optimum at about pH 6. The dihydroorotase activity for DHO forma- 
tion cannot be determined with any accuracy above pH 7.2, since the 
equilibrium ratio of US:DHO is quite unfavorable, but the pK of the 
active site of the enzyme is about 7.6, the same as that found above. 

When enzyme reaction rates were studied as a function of substrate 
concentration and the results were plotted according to Lineweaver and 
Burk (28), the results in Fig. 5 were obtained. For conversion of US to 
DHO at pH 5.9, the Michaelis constant (K,) = 5.3 X 10-‘ m L-US, and 
maximal velocity (Vm) = 11 X 10-'* mole per cell per hour, far above 
that required by cellular need for pyrimidines. Orotic acid is a competi- 
tive inhibitor in this system with an inhibition constant, K; = 1.3 x 10% 
M. It was found also that the activation energy for this conversion was 
10,600 calories. 

The conversion of DHO to US at pH 8.0 has K, = 3 X 10~ m and 
Vm = 18 X 10-* mole per cell per hour. The maximal velocity varies 
somewhat with different extracts and appears to require an unknown co- 
factor (not magnesium or calcium ions) at low extract concentrations. The 
activation energy for this conversion was found to be about 12,000 calories. 
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The dihydroorotic acid dehydrogenase from EF. coli was also studied. 
The pH optimum for DHO oxidation is quite broad with a pK about 8.0, 
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Fic. 4. Enzyme activities as a function of pH. All experiments were carried out 
at 37° with an E. coli, strain B, extract of 2.5 X 10° cells per ml. (0.46 mg. of protein 
per ml.). For ureidosuccinic acid synthetase (@), the reaction mixtures contained 
0.1 m potassium phosphate buffer, or 0.1 m tris(hydroxymethyl)aminomethane (Tris) 
buffer above pH 8, 0.01 m carbamy] phosphate, 2 X 10~‘ m L-aspartic acid-4-C™, and 
5X 10-* m magnesium chloride. The observed value at pH 6.2 was corrected to the 
calculated rate at saturating substrate concentgations, and other points were ad- 
justed proportionately. The curve is thus only approximately correct. With DHO 
as substrate, dihydroorotase (©) and dihydroorotic acid dehydrogenase (0) reaction 
mixtures contained 0.1 m Tris buffer, 0.001 m Versene, and 0.002 m DHO. The total 
volume was 5.0 ml. At timed intervals samples were passed rapidly through Dowex 
0 (acid form) columns and assayed as described in the text. Initial reaction rates 
vere calculated and plotted on the graph. With US as substrate, dihydroorotase 
(A) and dihydroorotic acid dehydrogenase (q™) reaction mixtures contained 5 X 10-4 
« Versene, 4 X 10-3 m pL-US, 0.1 m potassium phosphate buffer above pH 5.8, and 
tcetic acid plus 0.1 m sodium acetate as buffer below pH 5.6. Other conditions as 
described above. 


as shown in Fig. 4. At pH 7.25, Fig. 5 shows that K, = 4 X 10-° m 
DHO and Vm = 1.6 X 10-"* mole per cell per hour, a rate more than fast 
enough to account for observed pyrimidine biosynthesis in whole cells. 
The Michaelis constant was determined by using an equilibrium mixture 
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of US and DHO as substrate, as calculated from the pH and K,. The 
dihydroorotase in the extract, therefore, helped to keep the amount of 
DHO constant. From the relative shapes of the curves, the rate of pro- 
duction of OA from US is seen to be dependent on the rate of the dehydro- 
genase rather than of the dihydroorotase, as might be expected from the 
relative K, values. 
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Fic. 5. Variations in enzyme reaction rates with substrate concentrations. Con- 
ditions were the same as those in Fig. 4 except as noted below. With US as substrate, 
dihydroorotase (©) reaction mixtures contained 0.1 m potassium phosphate, pH 6.0, 
0.002 m Versene, and pi-US (calculated as t-US). The total volume was 5.0 ml. 
With DHO as substrate (C1) the reaction mixtures contained 0.1 m Tris buffer, pH 7.8 
(adjusted to 0.1 ionic strength with KCl), 0.001 m Versene, varied DHO, and extract 
of mutant 6386. Note scale of graph changed: Observed 1/v and 1/s both plotted as 
one-fourth actual values. For dihydroorotic acid dehydrogenase (A) the reaction 
mixture contained 0.1 m potassium phosphate, pH 7.4, mixture of -DHO and pt-U$ 
in the ratio 1:50 (L-DHO:.L-US of 1:25). Observed 1/s and 1/v both plotted as one- 
twentieth actual values. 


A study was made also on the enzymatic synthesis of US from carbamy]! 
phosphate and aspartate, first reported by Jones et al. (1). The method 
employed was to incubate FZ. coli extracts with carbamyl phosphate and 
C-aspartic acid under various conditions, then pass the reaction mixtures 
quantitatively through small columns of Dowex 50 (acid form) to adsorb 
the aspartic acid. Aliquots of the eluate were counted directly for C™ 
activity, or isotope dilution experiments with non-radioactive, synthetic 
pL-US were performed. 

“ach method of assay has reasons to recommend it. Direct plating of 
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the eluate is the easier method, allows more sensitive determination of 
radioactivity, and assays total reaction rate (formation of US + DHO + 
0A) over a given interval, but must be corrected for the radioactivity from 
products of aspartic acid deamination. Although isotope dilution is a less 
sensitive method and only US is determined by it, the need for the above 
correction is avoided. 
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Fic. 6. Variation of reaction rate of ureidosuccinic acid synthetase with substrate 
concentration. The incubation mixture contained 0.1 m potassium phosphate, pH 
6.5, 0.005 m MgCl, 0.010 m C'-p-aspartic acid unless varied (results plotted as 
L-aspartic acid), 0.010 m carbamy] phosphate unless varied, and cell-free extract of 
2.5 X 10° Z. coli cells (0.44 mg. of protein). Total volume 1.0 ml. The reaction 
mixtures were incubated at 37° for 1.5 hours, rinsed through Dowex 50 (acid form) 
columns, plated, and counted directly in a gas flow Geiger-Miiller counter. Cor- 
rections were made for control samples as described in the text. @, variable aspartic 
acid concentration; ™, variable carbamyl phosphate concentration. 


The non-enzymatic formation of US, first order with respect to both 
aspartate and carbamyl phosphate concentrations, also requires a correc- 
tion. At 0.03 m concentrations of each compound, US can be formed non- 
enzymatically at a rate of 0.48 umole per ml. per hour, a rate faster than 
the enzymatic rate at the usual extract concentration of 2.5 < 10° cells 
per ml. To avoid this large non-enzymatic reaction, enzyme rates were 
usually determined at much lower substrate concentrations. 

The rate of formation of US by the extracts was found to be fairly con- 
stant over a period of 2 hours with a slight decrease in rate beyond that 
period. The enzyme was completely inactivated by heating for 2 minutes 
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at 100°, and addition of inactivated extract to the reaction mixtures had 
no stimulatory effect. Magnesium ion did not activate the reaction, which 
proceeded at an optimal rate even in 0.2 m NaF, but instead became in- 
hibitory above concentrations of 0.01 m. 

When the rate of US synthesis was studied as a function of aspartate 
and of carbamyl phosphate concentration, the results shown in Fig. 6 were 
obtained. K, of carbamyl phosphate was calculated to be 4.3 X 10° 
m, and K, of aspartic acid was 2.5 X 10-? m (Fig. 6) at concentrations of 
0.005 m L-aspartate and of 0.01 m carbamy] phosphate, respectively. From 
the same plots, the maximal velocities of US synthesis can be obtained, 
and the maximal velocity of US synthesis at both saturating carbamy] 
phosphate and saturating aspartic acid concentrations can be calculated 
to be 9.1 X 10-6 mole per cell per hour. This value is far larger than that 
of 6.7 X 10-” mole per cell per hour necessary to allow for the observed 
growth rate of the cells, and need for the high enzyme level may be ex- 
plained, in part, by the high K, for aspartic acid. The actual concentra- 
tion of aspartic acid in the cell probably is much lower than that required 
to saturate the enzyme. 


DISCUSSION 


The work reported here supports and amplifies the scheme shown at 
the start of this paper. The two enzymes catalyzing the reversible con- 
versions US = DHO = OA were first reported by Lieberman and Korn- 
berg to be present in an organism, Z. oroticum, grown with OA as a carbon 
source. As shown here, however, Z. oroticum cultured in glucose medium 
grew faster than it did when OA was used, yet contained only small amounts 
of the two enzymes. This result indicated the adaptive formation of 
the enzymes to metabolize OA for general metabolic purposes and raised 
the question of whether these enzymes were involved in pyrimidine bio- 
synthesis. The studies with FE. coli in vitro, however, showed activities 
of ureidosuccinic acid synthetase, dihydroorotase, and dihydroorotic acid 
dehydrogenase more than enough to account for the growth rates of the 
whole cells. The low activities of the enzymes in Z. oroticum grown in 
glucose medium were probably adequate for the low growth rate of the 
cells, however, although quantitative study was difficult. 

Since one substrain of E. coli mutant 6386, which lacks the enzyme di 
hydroorotic acid dehydrogenase, was able to grow on OA at the normal} 
rate for wild type cells, attachment of ribose (9-11) at a step prior to OA 
formation was not necessary to account for pyrimidine formation. Sum- 
mation of the work in vivo and in vitro shows that the scheme at the start 
of this paper is valid for 2. coli and can explain the total observed growth 
rate of the cells. 
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SUMMARY 


1. One pyrimidine-requiring Escherichia coli mutant has been charac- 
terized as lacking the enzyme dihydroorotic acid dehydrogenase. This 
mutant does not produce orotic acid, but can use it as a growth factor. 
Another mutant uses uracil and cytosine as growth factors and excretes 
ureidosuccinic acid (US), dihydroorotic acid (DHO), and orotic acid (OA) 
in the absence of pyrimidine growth factors. 

2. The rates of production of total pyrimidine intermediates by the two 
mutants in the absence of uracil or cytosine were nearly identical and 
were slightly greater than the rate of utilization of pyrimidine for optimal 
nucleic acid formation and growth of the culture. 

3. Cell-free extracts of Zymobacterium oroticum grown in glucose medium 
had about one-twentieth the dihydroorotase and dihydroorotic dehydro- 
genase activities of extracts of cells grown in OA medium. 

4. Cell-free extracts of Z. coli, strain B, grown in minimal media con- 
verted aspartic acid plus carbamy] phosphate to US, US to DHO, and DHO 
to OA several times faster than necessary to account for observed pyrimi- 
dine biosynthesis in growing cells. This evidence, plus the results in vivo, 
indicates that these conversions are part of the pathway for pyrimidine 
biosynthesis in E. coli. 

5. pH optima, substrate affinities, and maximal rates of reaction were 
determined for the above conversions. 

6. A convenient assay for DHO is reported. 
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CONTROL OF PYRIMIDINE BIOSYNTHESIS IN ESCHERICHIA 
COLI BY A FEED-BACK MECHANISM* 


By RICHARD A. YATES{ anp ARTHUR B. PARDEE 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, November 21, 1955) 


The mechanisms by which a cell can control its biosynthetic processes 
are important from the point of cellular economy, yet they are little under- 
stood. It is known that bacteria must have such control systems, since 
their biochemical processes are so well coordinated, as shown by failure of 
the cell to accumulate large amounts of metabolites in the medium (1). 

Several indications of control mechanisms have been found. One type 
of observation is that addition of a few micrograms per ml. of normal 
purines (2), pyrimidines (1), or amino acids (3, 1) to growth media of normal 
bacteria could result in nearly exclusive incorporation of these materials 
into cell constituents, in preference to de novo synthesis of the materials 
by the cell. It has been noticed also that production of intermediates of 
the above materials can be inhibited by addition of the end-products to 
cultures of suitable bacterial mutants. Gots and Chu (4) and Love and 
Gots (5) found that addition of purines to the culture medium of purine- 
requiring Escherichia coli mutants caused inhibition of formation of two 
purine precursors, and Brooke et al. (6) showed the inhibition of orotic 
acid (OA)! formation in the presence of uracil by pyrimidine-requiring 
Aerobacter aerogenes mutants. Adelberg and Umbarger (7) observed that 
the presence of the growth factor, valine, inhibited formation in an E. coli 
mutant of a-ketoisovalerate, a valine precursor, and commented that the 
unknown mechanism was undoubtedly wide-spread and important to the 
economy of the cell. 

Work from this Laboratory indicated that the presence of uracil inhibited 
formation of pyrimidine intermediates earlier than orotic acid in pyrimidine- 
requiring FZ. coli mutants (8). It seemed of interest to determine whether 
this observation plus the above facts could be the results of normal self- 
regulatory mechanisms of the cell which allowed formation of no more 


* Presented in part at the Pacific Slope Biochemical Conference, 121st meeting 
of the American Association for the Advancement of Science, December 30, 1954. 

Supported, in part, by research grants from the Lederle Laboratories Division, 
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+ Abraham Rosenberg Research Fellow during the course of this work. 


'The abbreviations used are as follows: OA = orotic acid (4-carboxyuracil); 
DHO = dihydroorotic acid; US = ureidosuccinie acid (carbamylaspartic acid); 
RNA = ribonucleic acid; DNA = deoxyribonucleic acid. 
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components than necessary for growth. For this reason studies in vivo 
and in vitro on the control of pyrimidine biosynthesis in E. coli, strain B, 
and two pyrimidine-requiring mutants of EZ. coli were carried out. 


Materials and Methods 


Uracil, cytosine, uridine, orotic acid, cytidine-5’-phosphate, and 4-C'*-pz- 
aspartic acid were obtained commercially. Cytidine was kindly provided 
by Dr. C. A. Knight and uridine-5’-phosphate by Dr. C. Dekker of these 
laboratories. pi-US and t-DHO were prepared as described in the ac- 
companying paper (8). Z. coli strain B and the two pyrimidine-requiring 
E. coli mutants (6386 and 550-460) were obtained and cultured in the mini- 
mal medium (containing salts and glycerol) described earlier, with uracil or 
OA as growth factor when needed (8). For inactivation of nucleic acid 
formation in the bacteria, freshly grown cells were washed, suspended in 
minimal salt solution at a concentration of 2.5 X 10'° cells per ml., and 
irradiated for 3 minutes in a large Petri dish (suspension 0.5 cm. deep) 
14 inches below three Westinghouse sterile lamps No. WL-782L-30. Under 
the conditions used, both DNA and RNA syntheses by the cells were es- 
sentially abolished and fewer than 0.001 per cent of the cells were capable 
of colony formations on broth plates. 


EXPERIMENTAL 


Control in Vivo of Pyrimidine Intermediate Production by Mutants— 
In the study of pyrimidine-requiring mutant 550-460 it was noticed that 
large amounts of the pyrimidine intermediates US, DHO, and OA were 
produced only in media free of the pyrimidines uracil, cytosine, or their 
nucleosides or nucleotides (8). Under similar conditions mutant 6386 
produced US and DHO only in the absence of the above pyrimidines, 
Thymine neither stimulated growth nor inhibited production of the inter- 
mediates. The effect of traces of uracil in this inhibition can be seen in 
Fig. 1, where production of the intermediates became significant only 
when the added uracil had been exhausted by cell growth. The above 
results extend the report by Brooke et al. (6) that OA formation was in- 
hibited by the presence of uracil in pyrimidine-requiring A. aerogenes 
mutants. 

It was necessary to determine whether the inhibition was a direct effect 
of the pyrimidine or was dependent in some way on cell multiplication, 
since under the above conditions cells were growing whenever the pyrimi- 
dine growth factor was added to the cultures. A substrain of EZ. coli 
mutant 6386, characterized by rapid growth with OA as a growth factor, 
was isolated. As shown in Fig. 2, the rate of growth was comparable in 
minimal medium containing OA or uracil, yet the rate of DHO production 
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per cell in OA-containing medium was even higher than production by 
cells suspended in minimal medium. This result indicated that the in- 
hibition was specifically brought about by uracil. Apparently the uptake 
and conversion of OA to uridylic acid (9, 10) were rate-limiting for growth. 
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Fig. 1. Rate of production of US and DHO by E. coli mutant 6386 and dependence 
on concentration of uracil in the medium. See the text for details. Mand A, cell 
count of culture containing initial concentrations, respectively, of 2.0 X 10-* m and 
5.0X 10-'m uracil. O, total rate of US plus DHO production in culture containing 
2.0X 10-*muracil. O, @,and ©, rates of production of DHO, US, and of DHO plus 
US, respectively, in culture containing 5.0 X 10-5 m uracil. Initial concentration of 
10 X 10-4 m uracil allows formation of 1.5 X 10° cells. The arrow indicates when the 
5.0 X 10-5 m uracil should be exhausted. 


Thus the inhibitory compound was used for nucleic acid synthesis as rapidly 
as it was formed from orotic acid and did not accumulate inside the cell. 

If the above ideas are correct, inhibition of nucleic acid biosynthesis at 
a stage beyond the formation of nucleotides should result in inhibition of 
formation of the pyrimidine intermediates. To test this, washed mutant 
§386 cells, freshly grown in minimal medium with OA as growth factor, 
were irradiated heavily with ultraviolet light to halt both DNA and RNA 
biosynthesis. ‘These cells were then incubated in minimal medium and in 
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medium plus OA. In minimal medium the rate of DHO production per 
irradiated cell decreased slowly with time, presumably partly as a re- 
sult of enzyme destruction (Fig. 3). Irradiated cells in medium contain- 
ing OA, however, very soon showed a decrease in the rate of DHO forma- 
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Fig. 2. Rates of pyrimidine intermediate production by growing and by non-grow- 
ing mutant 6386 cells. Cultures of Z. coli mutant 6386 cells grown on minimal 
medium plus OA or plus uracil were harvested and incubated for 1 hour in minimal 
media. Reharvested and washed, the cells were suspended in minimal medium 
alone or in media containing the same growth factor used before. O and @, cell 
count (turbidity) of cells suspended, respectively, in minimal media and in media 
containing 2 X 10-‘ m uracil or orotic acid (growth rates nearly identical). A and 
A, per cell rate of production of DHO by cells previously grown in media containing 
uracil and resuspended in minimal medium and in medium containing 2 X 10-*m 
uracil, respectively. O and @, per cell rate of production of DHO by cells previously 
grown in media containing OA and resuspended in minimal medium and in medium 
containing 2 X 10-4 m OA, respectively. 


tion, the decrease being almost as rapid as that caused by the presence of 
uracil in the medium. The rate of inhibition by growth factor appears to 
be correlated with normal growth rates, since cells grew slightly faster 
with uracil than with OA. The results support the idea that when a cell 
does not use a uracil derivative as rapidly as it is produced from OA, this 
derivative accumulates and inhibits the formation of the pyrimidine in- 
termediates US and DHO. 

Estimation in Vivo of Inhibition Constant—The concentration of uracil 
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derivative in the cell necessary to cause half inhibition of the rate of DHO 
production was determined. The ability of ultraviolet-irradiated 6386 
cells to remove uracil from the medium was measured by bioassay with 
mutant 550-460 (which requires uracil for growth). About 6.7 x 10-” 
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Fic. 3. Pyrimidine intermediate production by ultraviolet-irradiated mutant 6386. 
The cells were grown at 37° in minimal medium containing 2.0 X 10-* m OA (division 
time 2.0 hours) and samples taken at intervals were assayed for DHO. The culture 
was centrifuged, washed, and suspended in minimal salts, then irradiated with 
ultraviolet light for 2 minutes and suspended at about 6.0 X 108 cells per ml. of test 
medium. Samples were removed at intervals and tested for DHO. The average 
amount of DHO produced per hour per bacterium over the time intervals shown at 
the top of the graph is represented by the area under a plotted line. O, growing 
cells on minimal medium plus 2.0 X 10-* m OA. O, ultraviolet-treated cells on 
minimal medium. X, ultraviolet-treated cells on minimal medium plus 2.0 X 10-4 
mM OA. A, ultraviolet-treated cells on minimal medium plus 1.0 X 10-* m uracil. 
®, ultraviolet-treated cells on minimal medium plus 1.0 X 10~‘ m uracil. 


mole of uracil could be removed per irradiated cell. If the media contained 
less than this amount of uracil, the uracil could be quantitatively removed 
from the medium. 

The amount of uracil necessary to cause 50 per cent inhibition of pyrimi- 
dine formation by a cell was determined by experiments in which various 
amounts of uracil were added to minimal media containing ultraviolet- 
irradiated 6386 cells. The rates of DHO production by the cells were 
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then measured. The specific conditions were as follows: Cells were first 
grown in minimal medium plus uracil, harvested, washed, and incubated 
for 1 hour in minimal medium to allow exhaustion of any “free” pyrimidine 
in the cell. The cells were again harvested, washed, suspended in minimal 
salt solution, and ultraviolet-irradiated. Aliquots were then added to 
media containing known amounts of uracil and the concentrations of cells 
were determined by turbidity measurement. Determination of the amount 
of DHO production between 1 and 2 hours after addition of cells to the 
uracil media was measured. This time interval was found to be the most 
satisfactory, since about 40 minutes were required for complete absorption 
of uracil from the medium and stabilization of the rate of DHO formation 
by the cells. Also, about 2 to 2.5 hours after the start of the experiment 
the markedly decreased rate of DHO production mentioned above became 
apparent, while at the same time some release of uracil inhibition caused 
an increase in the inhibited rates relative to the non-inhibited ones. The 
latter effect might be a result of a slight residual nucleic acid synthesis, 

The results of such an experiment can be seen in Fig. 4, where, at a 
concentration of 6.2 X 10° cells per ml., uracil at an initial concentration 
of about 3.4 X 10-* m depressed DHO formation to one-half of the unin- 
hibited rate. The concentration of pyrimidine in the cell to give 50 per 
cent inhibition would thus be about 5 X 10-* m (assuming a unit cell vol- 
ume of 10-" ml.). This value is only approximate, since the number of 
metabolically active cells, the cell volume, and the fraction of uracil in the 
cell in a form not bound (as nucleic acid) are known only approximately. 
Further, the actual inhibitor might be a free base, riboside, ribotide, or 
deoxyribotide of either uracil or cytosine. The ratio of these forms in the 
cell and also the concentration of substrate at the site of inhibition are 
unknown; hence no value can be calculated for an enzyme inhibition con- 
stant. The value found might be expected to agree within a factor of 10 
with the true inhibition constant, however. 

Inhibition in Vitro of Ureidosuccinic Synthetase—The studies in vivo 
had shown that the inhibitor appeared to act at or before the step of bio- 
synthesis of US, and that later interconversions of pyrimidine intermediates 
were not affected by the inhibitor. Further, US has been shown to be 
formed enzymatically from aspartic acid and carbamyl] phosphate (11, 8), 
and it was felt that synthesis of neither the aspartic acid nor the carbamyl 
phosphate was the site of action of the inhibitor. This feeling was held 
because carbamyl phosphate, which appears to be necessary for arginine 
biosynthesis (11), and aspartic acid would both be necessary for protein 
formation, yet there was no inhibition of protein synthesis when the mutant 
was grown with uracil. Under such conditions US, DHO, and OA were 
not produced. Therefore, it appeared likely that the site of the inhibition 
would be the formation of US itself. 
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Experiments in vitro were carried out as described (8) to determine the 
rates of US formation under the influence of various possible inhibitors. 
As shown in Table I, uracil, uridine, uridine-5’-phosphate, and cytosine 
had no observed inhibitory effects. Cytidine and especially cytidine-5’- 
phosphate, however, had quite large inhibitory effects. The inhibition 
appears to be competitive with respect to both carbamyl phosphate and 
aspartic acid. Against carbamyl phosphate, the inhibition constant, K,, 
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Fig. 4. Uracil inhibition of DHO production by ultraviolet-irradiated cells of 
E. coli 6386. Details in the text. ZH. coli mutant 6386 cells ultraviolet-irradiated 
for 3.0 minutes were suspended at 6.2 X 108 cells per ml. in minimal medium contain- 
ing uracil at the concentration shown. The inverse of the per cell rate of DHO 
production between 1.0 and 2.0 hours after start of incubation is plotted in the graph. 


of cytidylic acid was 6 X 10-* , and K; of cytidine was about 8 K 107° 
u (Fig. 5). The results with cytidine as an inhibitor were rather variable, 
however. It would be reasonable to suspect that cytidine-5’-phosphate 
(or a derivative) is the true inhibitor in vivo, for it is a more effective in- 
hibitor and also might be expected to remain in the cell owing to its nega- 
tive charge. The reaction appeared to be only slightly competitive with 
respect to aspartic acid concentration (K; ~ 0.01 m), but the fraction of 
release of inhibition by either substrate cannot be determined very accu- 
rately. The effect of phosphate ion on the reaction is also unknown. 
Metabolic Studies—With the finding that an end-product of biosynthesis 
apparently inhibited the initial step of a whole pathway, it became of in- 
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terest to determine how wide-spread this phenomenon might be. It has 
been noticed that when the pyrimidine-requiring mutants exhaust their 
pyrimidine growth factor, growth, protein synthesis, and nucleic acid 
synthesis are almost completely stopped (12), but, as shown here, produc- 
tion of the pyrimidine intermediates continues at the rate normal for pyrimi- 
dine synthesis of growing, wild type cells. If synthesis of many other 
metabolites continued at the same rate as in growing cells, the fraction of 
carbon and nitrogen from the medium converted to the pyrimidine inter- 
mediates should be about normal. If other syntheses in the cell were 








TABLE I 
Effect of Pyrimidines on Rate of US Formation in Vitro 

Rate of US formation 

Inhibitor Concentration (moles per hr. per 101¢ 
cells) 

M 

NE! Hie Shee 3 tess dare wh atin ewes aa 0.96 
I ce cet eet Le bats Paatny abba ae Penis 0.04 0.96 
IES SEG RS eee ee eee: 0.02 0.88 
Uridine-5’-phosphate. ....................-- 0.02 1.00 
A RRR APRA irate ier Sh 2 ie nr ae 0.04 0.92 
NN ioe aiccclols Gass S x ces ute 3 Wists salve Winnie 0.02 0.60 
Cytidine-5’-phosphate...................... 0.015 0.48 











Conditions—The reaction mixtures contained 0.1 m potassium phosphate buffer, 
pH 6.5, 0.005 m MgCle, 0.01 m carbamy! phosphate, 0.02 m C'*-pL-aspartic acid, ex- 
tract of 2.5 X 10° EZ. coli, strain B, cells per ml. of reaction, and the inhibitor above 
carefully neutralized to pH 6.5, if necessary. The reaction mixtures were warmed to 
37° before addition of extract, and the reactions were stopped by passage of aliquots 
through Dowex 50 (acid form) columns. Samples were directly plated and counted 
for C™ and corrected for controls as described (8). 


abruptly halted when macromolecule formation ceased, however, many 
times the normal fraction of carbon and nitrogen should be converted to 
the unblocked synthesis of pyrimidine intermediates. 

From the composition of E. coli cells (1), it can be calculated that nor- 
mally about 4 per cent of the ammonia nitrogen of the medium is converted 
to the ring nitrogens of the nucleic acid pyrimidines. Table II, however, 
shows that 50 to 55 per cent of the ammonia (i.e. about 13 times the normal 
amount) could be converted to the pyrimidine intermediates shortly after 
growth of the mutants was halted by removal of uracil. This result in- 
dicates that production of most other nitrogenous compounds can be ab- 
ruptly halted by the cells. Depending on the previous history of the cells, 
the per cent incorporation of nitrogen into the pyrimidine precursors actu- 
ally varied somewhat. If the cells were extensively starved of ammonia 
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before the experiment, the nitrogen incorporation into pyrimidine inter- 
mediates was decreased to about 40 per cent. 
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Fig. 5. Rate dependence of US formation on carbamyl! phosphate concentration 
and on inhibitors. The incubation mixture contained 100 umoles of potassium phos- 
phate buffer, pH 6.5, 5 umoles of MgCl», 10 umoles of C'*-pt-aspartic acid, carbamyl 
phosphate as shown, 20 umoles of inhibitor (if used), cell-free extract of 2.5 K 10° 
E. coli strain B cells (0.44 mg. of protein) prepared by treatment for 15 minutes in a 
sonic oscillator. Total volume 1.0 ml. The reaction mixtures were incubated at 37°, 
and the reaction was halted by passage through Dowex 50 (acid form). The eluate, 
plus rinse water, was plated, dried, and counted directly in a gas flow Geiger-Miiller 
counter. Correction was made for control samples as described before (8). @, A, 
and A, no inhibitors (different extracts). OO, presence of cytidine-5’-phosphate. 
i, presence of cytidine. 


- 300 


If formation of all nitrogenous compounds were self-controlled, it might 
be expected that 100 per cent of the ammonia would be converted to the 
non-controlled pyrimidine intermediates, but in practice there will always 
be slow leakage of all materials from the cell. This leakage would be 
replaced by synthesis to keep the inhibiting end-product at a high enough 
concentration to cause further inhibition. Also, the remaining small 
amount of cell growth (12) would tend to tie up nitrogenous compounds. 
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Results from the study of carbon incorporation are similar to those with 
nitrogen, although allowance must be made for oxidation of the carbon 
source, glycerol, for energy production. The production of pyrimidine 
intermediates can be determined either by standard chemical assays or 
by use of C'*-glycerol as carbon source with subsequent isotope dilution 
methods to determine the amounts of products. 


TaBLe II 


Formation of Pyrimidine Intermediates from Limiting Amounts 
of Ammonia and Glycerol 

















Starting material* Products in incubation mixture* 
Mutant ‘ 
(NHi)S0. | Glycerol | OA DHO US Total | sacorenndl 
550-460 0.30 70 0.100 0.018 0.032 0.150 0.50 (N) 
10.0 1.50 0.080 0.015 0.021 0.116 0.13 (C) 
6386 0.30 70 0.083 0.082 0.165 0.55 (N) 
10.0 1.50 0.104 0.076 0.180 0.20 (C) 




















Conditions—Freshly grown cells were washed, incubated for 45 minutes in mini- 
mal medium, harvested, and washed twice in 0.05 m potassium phosphate buffer 
(pH 7.2) before addition to the test solutions at 1 X 10° per ml. Samples were 
taken after incubation for 1.5 hours at 37° and centrifuged, and the supernatant solu- 
tions were passed through Dowex 50 (acid form) columns. The eluates, diluted 1:1 
with the water rinse of the columns, were assayed for OA, DHO, and US as described 
before (8). The values are the differences between the reaction sample and a control 
sample lacking the limiting factor in the reaction sample. Samples taken at later 
incubation times showed no greater total production of intermediates than shown 
above, although the relative amounts changed. 

* All concentrations are X10-* m. 
+ C = carbon; N = ammonia. 


Growth of E. coli strain B cells in minimal medium containing limiting 
amounts of glycerol showed that 6.75 X 10-* mole of glycerol allowed for- 
mation of 1.3 X 10° cells containing 8.7 X 10-* mole of pyrimidine. Thus 
at the normal rate of pyrimidine biosynthesis, about 2.2 per cent of the 
glycerol would be expected to pass through the pyrimidine intermediates. 
It can be calculated further that of the 2.5 X 10~ gm. per ml. of glycerol 
carbon, about 1.6 X 10-* gm. of carbon was incorporated into the cells for 
a 65 per cent efficiency of carbon utilization. 

Tables II and III show that 13 to 20 per cent of the carbon could be con- 
verted to the pyrimidine intermediates by the mutant cells. This value 
is seen to be quite variable, depending on whether the cells were previously 
starved of glycerol, but is 7 times greater than the 2.2 per cent expected 
if syntheses of all other carbon compounds continued. The observed value, 
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however, was far below both the per cent of nitrogen incorporation and the 
expected limit of 65 per cent carbon incorporation, indicating that synthesis 
of many carbon compounds, perhaps fats, phospholipides (12), and poly- 
saccharides, still continued in the pyrimidine-deficient cell. 











TaBLe III 
Per Cent Incorporation of C'* into US, DHO, and OA by Mutants 6886 and 550-460 
Product 
Mutant Condition 
US DHO OA Total 
6386 Non-starved 2.3 8.0 10.3 
Starved of glycerol 2.2 4.6 6.8 
550-460 Non-starved 0.81 ° 17.3 19 
Starved 0.64 ° 11.9 13 




















Procedure—Freshly grown cells were suspended for 30 minutes at 37° in minimal 
medium to exhaust the cells of uracil. Part of the cells were then harvested, washed, 
then suspended for 30 minutes at 37° in minimal salt solution in the absence of 
glycerol. The cells were harvested and suspended (4 X 108 cells per ml.) in 20 ml. of 
minimal salt solution; 2.0 nzmoles of a-C'*-glycerol were added and 0.04 ml. of incuba- 
tion mixture was removed, plated on platinum dishes and counted in a gas flow 
Geiger-Miiller counter. The cultures were incubated for 1 hour at 37° with rapid 
swirling; 1 wmole of unlabeled glycerol was added to each flask and incubated 1 hour 
further. The flask contents were then centrifuged, and carrier non-labeled US, 
DHO, and OA (with mutant 550-460) were dissolved in 6.0 ml. aliquots of supernatant 
solution. The solutions were acidified, concentrated in vacuo at 45° to about 1.0 ml., 
crystallized, and the solutions were decanted. The crystals were blotted with paper 
and similarly recrystallized twice from water. Further crystallization showed no 
changes in specific activity, except as indicated. 

* Samples largely contaminated by C"‘-orotic acid. 


DISCUSSION 


The results presented in this paper and the preceding one (8) indicate 
the means by which pyrimidine biosynthesis may be regulated in F. coli. 
The first observation was that the growth factors uracil and cytosine had 
inhibitory effects on the formation of ureidosuccinic acid (US) by pyrimi- 
dine-requiring E. coli mutants. Inhibition of production of dihydroorotic 
acid (DHO) and orotic acid (OA), later products of the pyrimidine bio- 
synthetic pathway, appears to be only a secondary effect of the earlier 
metabolic block. 

It was reasoned that the inhibition occurred in the formation of US 
itself, rather than in the formation of its precursors. Demonstration that 
cytidine and cytidine-5’-phosphate actually were competitive inhibitors 
of aspartic acid and carbamyl phosphate in the formation of US in vitro 
proved this point. The observed inhibition constants were approximately 
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the same as those estimated by experiments in vivo. The closeness of the 
agreement of results in vivo and in vitro is, however, fortuitous. 


ATP + CO,+NH, > CARBAMYL 6386 
yo PHOSPHATE US ——= DHO ake OA 
on +H,O +2H 
PROTEIN (ETC.)< ASPARTIC +H ¢ +PRPP 
Tem, MP CYTIDINE-5- * CO. 
r ew U-5+P 82. 0.5-P 
FUMARIC ACID” =| PHOSPHATE 7 &%, 
\ H , \. ~SURACIL 
PURINE \ 1 , y 
BIOSYN. \ 4 Zs UDPG 
PATH (ETC) 
NUCLEIC ACID 





DraGcram 1.*, the actual conversion of the uridine derivative to the cytidine de- 
rivative was found to occur at the triphosphate level (13). 


The last point of evidence was a demonstration of the operation of a 
regulatory mechanism in the cell. Normally, mutant 6386, which lacks 
the enzyme dihydroorotic dehydrogenase, can grow rapidly with OA as 
a growth factor and yet can produce large amounts of the pyrimidine inter- 
mediates US and DHO. However, when cells were irradiated with ultra- 
violet light to halt nucleic acid synthesis and placed in a medium containing 
OA, the production of the intermediates was quickly inhibited, although 
the production continued if the cells were in minimal medium. In these 
ultraviolet-irradiated cells, presumably, the cytidylic acid could not be 
removed by nucleic acid synthesis as it was being formed from OA, and it 
served to inhibit US formation as its concentration in the cell increased. 

These results support the scheme shown in Diagram 1 for the self-regu- 
lated synthesis of pyrimidines by FE. coli. The individual steps (solid 
arrows) have all been identified as enzymatic reaction (11, 13, 14, 8). 

The operation of the scheme has already been indicated. If an external 
factor accelerated nucleic acid synthesis, the cytidylic acid concentration 
of the cell would decrease, thus allowing increased rate of pyrimidine 
synthesis. If nucleic acid synthesis were slowed or halted, the cytidylic 
acid (or derivative) concentration would rise and inhibit further pyrimidine 
biosynthesis. The location of the block is favorable to the cellular econ- 
omy, since formation of US is essentially an irreversible reaction, while 
formation of both precursors (aspartate and carbamyl phosphate) involved 
freely reversible reactions. A block at a later point would thus be ineff- 
cient, since, as in the pyrimidine mutants, US would be produced whether 
it were needed or not, thus wasting energy and metabolites. 

A second controlling factor may operate in the system for formation of 
aspartic acid. Fumaric acid plus ammonia is reported to be converted 
to aspartic acid in EZ. coli by either aspartase I (15) or aspartase II (16), 
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the latter enzyme being the most active and being activated by adenylic 
acid or adenosine. Increase in adenylic acid formation could increase the 
rate of aspartic acid formation via aspartase II, thus stimulating protein 
and pyrimidine biosynthesis and thus increasing the rate of nucleic acid 
synthesis. This effect would complement the stimulation of pyrimidine 
biosynthesis by decrease in cytidylic acid concentration, for the latter 
effect merely allows increased US formation if enough aspartic acid and 
carbamyl phosphate are present. 

It seems likely that the rates of many biosynthetic processes in the cell 
are controlled in a manner similar to that for pyrimidine biosynthesis, 
since there have been several observations in the literature of end-products 
blocking their own formation. Probably adenylic or guanylic acid will 
be found to inhibit the first step in purine biosynthesis that is not freely 
reversible, and some amino acids will be found similarly to regulate their 
biosyntheses. The fact that such control mechanisms are wide-spread 
was indicated here by the metabolism experiments. Gearing of all path- 
ways to the rate of growth would be very important to cells growing slowly 
in medium deficient in some factor. If a few syntheses were to be uncon- 
trolled, metabolites might be wasted, thus resulting in less cell growth. 

These observations may be important for another reason, since it is 
probable that such normal self-control systems in the cell are the target 
of inhibitors which are analogues of the natural end-products of such sys- 
tems. Since such inhibitors are effective, although only traces of the nor- 
mal metabolite are able to permit growth, the inhibitor must act not by 
preventing use of the metabolite, but rather by preventing its formation. 
Knowledge of the exact natural inhibitor of various systems could aid in 
synthesis of more effective inhibitors. For example, cytidine analogues 
should, on a theoretical basis, be very effective inhibitors of nucleic acid 
synthesis (more so than uracil or cytosine derivatives, for example), and 
this has been found to be true (17). 


SUMMARY 


1. Low levels (10-* m) of uracil or cytosine, but not of thymine, inhibit 
formation in vivo of the pyrimidine intermediate ureidosuccinic acid in 
two pyrimidine-requiring mutants of Escherichia coli. Formation of the 
later consecutive intermediates dihydroorotic acid and orotic acid was 
halted by the absence of ureidosuccinic acid in the cells. 

2. The inhibition is not an effect of growth itself, since one mutant 
(6386) with orotic acid as a growth factor could grow and yet produce 
ureidosuccinic and dihydroorotic acids. 

3. Mutant 6386, in which nucleic acid synthesis was halted by ultra- 
violet irradiation, produced dihydroorotic acid in the absence, but not in 
the presence, of orotic acid in the medium. 
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4, Experiments in vivo with the irradiated mutants indicated a concen- 
tration of roughly 5 X 10-* m unbound pyrimidine in the cell necessary 
to cause half inhibition of US formation. 

5. Experiments in vitro showed that cytidine and especially cytidine-5’- 
phosphate were competitive inhibitors with aspartic acid and carbamyl 
phosphate for ureidosuccinic acid formation. K, for the cytidylic acid 
was about 6 X 10-*m. Uracil, uridine, uridine-5’-phosphate, and cytosine 
did not inhibit appreciably. 

6. Both mutants 6386 and 550-460 in the absence of growth factors 
synthesized the pyrimidine intermediates at the rate normal for pyrimidine 
synthesis by wild type cells, but could convert 50 to 55 per cent of the 
ammonia and 13 to 20 per cent of the glycerol carbon to the intermediates, 
The normal incorporation into the pyrimidines of growing cells is 4 per cent 
of the ammonia and 2 per cent of the carbon from the medium. 

7. The above facts indicate the existence of a cellular mechanism which 
links pyrimidine production to the rate of pyrimidine uptake for nucleic 
acid synthesis. Inhibition by an end-product of its own synthesis appears 
to be a common control mechanism in the cell. 


Addendum—Umbarger (18) has presented preliminary evidence for a feed-back 
mechanism in isoleucine biosynthesis. 
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tors An enzyme preparation from hog kidney has recently been found to cat- 
dine | alyze the reversible transfer of an amidine group from canavanine to orni- 
f the | thine, with the formation of canaline and arginine (1). Inasmuch as cana- 
ates, | vanine can serve as a substrate for certain enzymes whose usual substrate 
cent | is arginine, e.g. arginase (2, 3) and argininosuccinase (4, 5), a reaction mech- 
anism was suggested which involves the reversible formation of the same 
thich | relatively long lived enzyme-amidine complex from either canavanine or 
icleic | arginine (1). If this proposed mechanism is correct, the same enzyme prep- 
pears | aration should catalyze an arginine-ornithine transamidination reaction. 
In this paper evidence for the occurrence of such a reaction, obtained by 
the employment of radioactive ornithine, will be presented. 
-back 
EXPERIMENTAL 
Materials—pu-Ornithine-2-C* monohydrochloride, with a specific activ- 
ity of 0.63 mc. per mmole, was purchased from Tracerlab, Inc. (lot No. 
R.J., | 22-92). In the experiments to be described, this compound was used di- 
rectly, without the addition of non-labeled ornithine. The enzyme prep- 


oe aration from hog kidney, employed to demonstrate arginine-ornithine trans- 
: amidination, was identical with that used previously to demonstrate both 
canavanine-ornithine and canavanine-glycine transamidinations (1). This 
preparation consists of an acetone powder of a dialyzed, 30 to 40 per cent 
ammonium sulfate fraction from an extract of acetone-dried hog kidney 

1954). (1). A similar preparation from a 20 to 30 per cent ammonium sulfate 


1954). fraction was employed as a source of argininosuccinase, as described else- 
955). | Where (5,6). At the start of an experiment, the desired quantity of acetone 
powder was transferred directly to the reaction mixture. All incubations 
were carried out in the presence of toluene to prevent bacterial contamina- 
tion. 

Methods—The time-courses of the reactions to be described were followed 


im. et 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
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by means of paper chromatography, by use of the ascending procedure of 


Williams and Kirby (7). After considerable experimentation, a single se 
solvent system was found which effectively resolved the three compounds ty] 
of primary interest in this investigation. With this solvent system, com- te 
posed of 80 volumes of 95 per cent ethanol, 20 volumes of water, and 10 the 


volumes of concentrated ammonium hydroxide, argininosuccinic acid has 
an Ry of 0.17, arginine 0.38, and ornithine 0.53. In some instances solvent 
systems of water-saturated phenol, with an ammonia atmosphere, and 
n-butanol-acetic acid-water (4:1:1) were employed. Approximately 2 to 
3 wl. of the reaction mixture under examination were applied to each spot. 
After the chromatograms were run and dried, they were lightly sprayed 
with a 0.2 per cent solution of ninhydrin in 95 per cent ethanol to locate the 
separated compounds. The selected areas were cut out, stapled to filter 
paper wicks, and eluted with distilled water directly onto 1 inch copper 
planchets; the solutions were then dried and counted with a thin window 
Geiger tube and scaler (background 40 c.p.m.). In the experiments sum- 
marized in Figs. 1 and 2, the amount of radioactivity applied to each spot 
ranged between 1000 and 1500 c.p.m., as measured under the above condi- 
tions; in the experiment shown in Fig. 3, the total measured radioactivity 
applied to each spot was approximately 350 c.p.m. above background. The 
calculations involved in determining the relative radioactivities in Figs. 1 
and 2 were based on the assumption that only L-ornithine participates in 
the reaction. 


Results 


Mammalian kidney cannot synthesize arginine from ornithine by the | con 
conventional pathway; on the other hand, this tissue does possess weak | ™® 
arginase activity. Consequently, for minimal ambiguity in the interpreta- ss 
tion of results, the demonstration of an arginine-ornithine transamidination 0 
reaction should preferably be carried out with ornithine, rather than argi- | exp 
nine, as the initially labeled compound. The postulated transamidination 


reaction would in that case be detected experimentally as a net transfer of | jg ; 


label from ornithine to arginine, as represented by Reaction 1. thi 
(1) Ornithine-2-C™ + arginine — arginine-2-C™ + ornithine " 
wa 

Preliminary experiments established that such a reaction does indeed nie 


occur. When all reaction components are present, radioactivity is incor- ae 
porated into arginine, and the shapes of the arginine-ninhydrin spots on} 4); 
the different chromatograms are identical with those of the corresponding arg 
spots on the autoradiographs. However, when arginine was omitted from aut 
the incubation mixture, no radioactivity could be detected at the Ry posi- the 


tions normally occupied by arginine in each of the three solvent systems} ,,. 
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employed, even when, as an added control, arginine was added to the spots 
before running the chromatograms. In Fig. 1 are shown the results of a 
typical experiment in which the time-course of the reaction was followed; 
each point represents an average of several determinations. It can be seen 
that, as the reaction progresses, the increase in the radioactivity of arginine 
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Fic. 1. Time-course of arginine-ornithine transamidination. A reaction mixture 
composed of 2 mg. of pi-ornithine-2-C'* monohydrochloride, 14 mg. of L-arginine 
monohydrochloride, and 5 mg. of kidney transamidinase in 0.9 ml. of 0.05 m potas- 
sium phosphate buffer, pH 7.2, was incubated at 35°. At the times indicated, ali- 
quots were withdrawn for paper chromatographic analysis, with the use of an eth- 
anol-water-ammonia solvent system. The formation of radioactive arginine at the 
expense of the active optical isomer of ornithine can be clearly seen. 


is accompanied by a corresponding decrease in the radioactivity of orni- 
thine, as would be expected if the enzyme were catalyzing Reaction 1. 
The identification of the new radioactive reaction product as arginine 
was further confirmed by its enzymatic conversion to radioactive arginino- 
succinic acid (8, 9) after incubation with kidney argininosuccinase (5, 6) 
and fumarate. The results of a typical experiment are shown in Fig.2. In 
this experiment labeled ornithine was incubated as before with non-labeled 
arginine in the presence of transamidinase for 24 hours; as in Fig. 1, radio- 
activity was incorporated into arginine at the expense of ornithine. At 
the end of this period, argininosuccinase and fumarate were added to the 
reaction mixture. It can be seen that the newly formed radioactive argi- 
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nine was largely converted to radioactive argininosuccinate, in accordance 
with Reaction 2. The shape of the argininosuccinate-ninhydrin spot cor- 
responded exactly with that of the spot formed on exposure to x-ray film, 
When arginine was omitted from the reaction mixture, autoradiographs 
showed no radioactive spots other than that from the initially labeled orni- 
thine. 
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Fic. 2. Identification of radioactive arginine as a reaction product by its enzy- 
matic conversion to radioactive argininosuccinate. A reaction mixture of 2 mg. of 
pL-ornithine-2-C' monohydrochloride, 4 mg. of L-arginine monohydrochloride, and 
8 mg. of kidney transamidinase in 0.9 ml. of 0.05 m potassium phosphate buffer, pH 
7.2, was incubated for 24 hours at room temperature. At the time indicated by the 
arrow, 7 mg. of kidney argininosuccinase and 0.2 ml. of 0.8 m potassium fumarate 
were added to the reaction mixture. The subsequent formation of radioactive ar- 
gininosuccinate at the expense of labeled arginine is clearly shown, as revealed by 
paper chromatographic analysis with an ethanol-water-ammonia solvent system. 


(2) Arginine-2-C™“ + fumarate = argininosuccinate-2-C™ 


The radioactive argininosuccinate formed was further identified as fol- 
lows. The deproteinized supernatant solutions resulting from several such 
experiments were combined, and radioactive argininosuccinate was isolated 
by elution from paper chromatograms and removal of water in vacuo; the 
isolated compound was free from radioactive impurities. After incubation 
of an aliquot with argininosuccinase, a 26 per cent reconversion of the iso- 
lated radioactive argininosuccinate into radioactive arginine was obtained, 
as would be predicted by a partial reversal of Reaction 2. Another alli- 
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quot of the radioactive argininosuccinate was heated at 100° with 0.5 n 
potassium hydroxide, and the time-course of the hydrolysis was followed 
for several hours (Fig. 3). As the ninhydrin spot corresponding to arginino- 
succinate disappeared, new spots corresponding to ornithine and aspartate 
appeared, thus completing the identification of argininosuccinate (8). As 
expected, the radioactivity from the argininosuccinate which was hydro- 
lyzed appeared in the ornithine formed by the alkaline hydrolysis (Fig. 3). 
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Fic. 3. Identification of radioactive argininosuccinate as a product of the reaction 
shown in Fig. 2 and localization of the label in the ornithine moiety by means of 
alkaline hydrolysis. Radioactive argininosuccinate, isolated by paper chromatog- 
raphy, was heated with 0.5 N potassium hydroxide at 100°, and the hydrolysis was 
followed by paper chromatographic analyses at the times indicated, with water-sat- 
urated phenol as solvent, under an ammonia atmosphere. Argininosuccinate was 
identified by the formation of ornithine and aspartate; the radioactivity was found 
to reside in the ornithine moiety. 





DISCUSSION 


The results of this radioactive exchange study and the canavanine-orni- 
thine transamidination reaction can both be explained by assuming the re- 
versible formation of a relatively long lived enzyme-amidine intermediate, 


NH,+ 
(3) Arginine + enzyme = ornithine + enzyme—C—NH, 


as suggested previously (1), and formulated as Reaction 3. The nature of 
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the linkage of the amidine group to the enzyme is at present unknown; it 
is possible that the amidine carbon may be linked to oxygen as in O-meth- 
ylisourea, to nitrogen as in arginine, or, more likely, to sulfur as in S-meth- 
ylisothiourea. In view of the importance of guanidino compounds in 
metabolism, this study will be continued. 


SUMMARY 


An enzyme preparation from hog kidney was found to catalyze a reversi- 
ble transfer of the amidine group of arginine to ornithine. The radioactive 
arginine, formed by incubating non-labeled arginine with pi-ornithine-2-C" 
and the enzyme preparation, was identified by converting it enzymatically 
to radioactive argininosuccinate. Inasmuch as the same enzyme prepara- 
tion had been previously shown to catalyze a reversible canavanine-orni- 
thine transamidination, it is postulated that a relatively long lived enzyme- 
amidine complex is formed as an intermediate in arginine-ornithine 
transamidination. 


The author wishes to express his appreciation to Dr. R. H. Burris for 
his valuable contributions to this investigation. 
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—- (Received for publication, October 24, 1955) 
ically In previous papers (1, 2) we have described the effect of various physical 


para- | and chemical environments in the accumulation of iron by rat liver slices. 
-orni- | It was shown by inhibition studies that metabolic energy is not directly 
syme- | linked to the accumulation of iron against an apparent concentration gra- 
thine | dient. This is in contrast to the uptake of most other metal ions which are 
energy-dependent. 

The mechanisms by which iron is transported through the mucosal walls 
‘is for } as postulated by Granick (3) involve the participation of ferritin as the 
iron carrier. Alimentary iron seems to be prevented from entering the 
intestinal cells by a membrane mucosal block. The liver system does not 
appear to have such a mucosal block, as evidenced by the lack of stimula- 
tion of iron uptake when the liver cell membranes are ruptured by physical 
or chemical means (2). 

By the application of kinetic studies to the liver slice system, we have 
been able to obtain a more intimate understanding of the processes in- 
volved. It will be shown that iron is sorbed on specific sites on an iron- 
binding entity at a rate limited by a diffusion-controlled transport of the 
iron. 


Methods 


Our procedures were essentially those described previously (1). For 
any one experiment, slices were obtained from the same liver. This was 
found to be necessary because of the variability among different livers. By 
such a procedure, internal standardization is achieved. 

The slices are washed with cold Krebs-Ringer phosphate buffer (4), then 
placed in 3.0 ml. of Krebs-Ringer phosphate buffer, pH 7.0, containing 30 
y per ml. of iron as ferric ammonium citrate. It is important that these 
manipulations be carried out quickly and in thecold. The slices in beakers 
are incubated in Dubnoff metabolic shaking incubators and permitted to 
accumulate iron at 37° and 3° for various periods of time. The tissues 
are then removed, washed, and digested with 2 ml. of H2sSO,: HNO; (1:1 
of the concentrated acids) under a reflux. Total iron is determined col- 
orimetrically by a modified thiocyanate procedure (5). 
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RESULTS AND DISCUSSION 


The data from a typical experiment are presented in Fig. 1. Two im- 
portant characteristics of these curves are (1) that the rate of accumula- 
tion is enhanced at the higher temperature and (2) that the capacity of the 
iron-binding entity to accumulate iron is increased at the higher tempera- 
tures. 

We postulate that the process of iron accumulation by liver slices consists 
of two steps: (1) a diffusion-controlled transport to the sites on the iron- 
binding entity which is capable of being saturated, and (2) subsequent 
binding of the iron by a reaction or series of reactions, the rate of which is 
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Fic. 1. Accumulation of iron by rat liver slices at 3° and 37° as a function of time. 
Rat liver slices were incubated in 3.0 ml. of Krebs-Ringer phosphate buffer, pH 7.0, 
containing 30 y of iron per ml. as ferric ammonium citrate in a Dubnoff shaking in- 
cubator under an atmosphere of air at 3°(@) and 37°(O). At various time inter- 
vals the slices were removed, washed, and digested in HNO;-H2SO,. Total iron 
concentration was measured by the thiocyanate procedure. 


rapid compared to the rate of transport. On the basis of these assump- 
tions, the rate of accumulation should be proportional to the number of 
sites on the iron-binding entity which are not occupied. Since the total 
number of sites should be proportional to the total amount of iron sorbed 
after an infinite time, and the number of sites occupied at any time ¢ should 
be proportional to the total amount of iron sorbed up to time ¢, we can 
write for the rate of uptake the following equation: 
—dQ 

(1) a BQ - Q) 
where Q = the amount of iron at time ¢, Q, = the amount of iron after 
infinite time, and k = the rate constant. 

The rate constant in Equation 1 should, if our assumption of diffusion 
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control of transport is correct, be directly proportional to the diffusion co- 
efficient of the iron in whatever form it may be diffusing. It would be 
expected, therefore, that the activation energy A, obtained from the Ar- 
rhenius equation 


(2) nvtad ae 
k R\T, Ts 


would be small, in general less than 10 kilocalories. 



































0.9 ed q T T T 3 
0.55 4 
0.3Fr i. 
O.1E 
Gio? .osF 
tit) .O6F iz k 
SIS" ogl [EO 1103 min!) : 
7 3 1.64 Se 
o2- [37] 1.90 4 
lL l ] l l 
Ol 60 180 300 
MINUTES 


Fic. 2. Determination of rate constants for the uptake of iron by rat liver slices. 
The data from Fig. 1 are shown plotted as log((Q, — Q)/(Q. — Qo)) versus t. O rep- 
resents 3°; @, 37°. The slopes of the straight lines are equal to 2.3 k, where k is 
equal to the rate constant. The insert indicates the values for k so obtained. The 
apparent activation energy is 770 calories. 


Upon integration of Equation 1, we find that 


(3) In (% = o) = — kt 


where Q) = the amount of iron initially present. 

On plotting the data from Fig. 1 as log (Q, — Q)/(Q, — Qo) versus t we 
find, as postulated, the straight lines shown in Fig. 2 whose slopes are 
equal to 2.3 k. The insert in Fig. 2 shows the values obtained. The ap- 
parent A obtained from the rate constants is 770 calories, the low value of 
the apparent A being consistent with our kinetic interpretation. 

The rate law Equation 3 indicates that the rate-determining kinetics of 
the iron uptake is of the first order. At present we have no definitive evi- 
dence of the nature of the ionic or non-ionic form of the iron transported. 
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From the fact! that ascorbic acid does not in any way influence the rate of 
accumulation of iron by rat liver slices, it does not appear that the ferrous 
form of iron is mandatory as postulated for intestinal transport (6). Our 
present investigation did not elucidate the mechanism of the non-rate- 
determining reaction or reactions at the active site on the iron-binding 
entity. 

In conclusion, we believe that the accumulation of iron by rat liver slices 
against an apparent concentration gradient is not directly dependent upon 
metabolic energy. The metabolism consists of the specific uptake of the 
iron by sorption at specific sites on an iron-binding entity within the cell. 
The rate-determining step in the kinetics of iron uptake appears to be the 
diffusion-controlled transport of the iron to the unoccupied sites. 


SUMMARY 


1. The rate of uptake of iron by rat liver slices has been measured at 3° 
and 37°. 

2. A rate law for the accumulation process has been proposed. 

3. The validity of the rate law has been verified by the experimental 
results obtained. 

4. The apparent activation energy for the process of iron uptake is 770 
calories. 

5. A mechanism for the metabolism of iron by rat liver slices has been 
proposed. 


This research was supported by the United States Atomic Energy Com- 
mission and the Smith, Kline and French Foundation. We are grateful to 
the Allan Hancock Foundation for the use of their facilities during this in- 
vestigation. 
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Evidence indicating a relationship between isoniazid and vitamin Bg has 
been accumulated recently. A syndrome resembling vitamin Be, defi- 
ciency has been noted in man during the treatment of tuberculosis with 
high doses of isoniazid. These signs and symptoms have been alleviated 
by the administration of pyridoxine (1, 2). Antagonism of isoniazid and 
pyridoxine and its derivatives has been reported in bacterial enzyme sys- 
tems and in growing cultures (3-7). The toxicity of isoniazid was en- 
hanced in vitamin Be-deficient rats (8, 9). Epileptiform seizures, occa- 
sionally seen in long term vitamin Bg deficiency, were readily produced 
by the administration of isoniazid to vitamin Be-deficient animals. 

The present study of the distribution and excretion of isoniazid and its 
metabolites by vitamin Be-deficient and normal rats was undertaken to 
determine possible differences which might explain the toxic manifesta- 
tions brought on by the drug, especially the increased toxicity in vitamin 
Be-deficient animals. 

Although the results of the study indicated a decreased rate of metab- 
olism of the drug in the vitamin Be-deficient rats, this alone could not ex- 
plain the early convulsions and increased toxicity of the drug in the 
presence of the vitamin deficiency. 


Methods 


A group of 6 week-old Sprague-Dawley rats (average weight 130 gm.) 
received a vitamin Be-deficient diet plus deoxypyridoxine, as described by 
Beaton et al. (10). The animals exhibited a profound deficiency in 30 
days. Control animals of similar ages and weights received the same basal 
diet supplemented with daily intraperitoneal injections of 50 y of pyri- 
doxine. Male rats were used for the tissue distribution studies, whereas 
female animals were used for the detailed blood and urine studies. 

Isoniazid (labeled with C™ in the carbonyl group, specific activity of 
4.04 mc. per mmole), prepared by the method of Murray and Langham 


*This work was carried out under the auspices of the Atomic Energy Commis- 
sion. 
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(11), was used in this study. A saline solution of the labeled isoniazid 
was diluted with the non-labeled drug to give a final concentration of 4 
mg. per ml. and a specific activity of 5.23 X 10’ c.p.m. 

A dose equivalent to 10 mg. per kilo of body weight was given to the 
animals used for distribution studies. The material was injected sub- 
cutaneously in the back of the neck. The rats were placed in individual 
glass metabolism cages for collection of urine, feces, and expired CO, (12). 
They were sacrificed by exsanguination at 1, 6, and 24 hours after injec- 
tion. For detailed blood and urine studies, the material was injected in- 
travenously into the external jugular bulb. In the latter experiments, 
urine samples were obtained by catheterization under ether anesthesia, 
and blood samples were obtained by incision of the tail vein. Assays of 
the blood and urine samples were made by direct plating, as were the 
tissue and fecal samples after they were homogenized (13). Bone samples 
were oxidized by the Van Slyke-Folch method (14) and counted as BaC0Q,,. 
All samples were counted in a windowless gas flow proportional counter 
(geometrical factor, 50 per cent). Standard self-absorption corrections 
were made on all samples. 

Filter paper chromatography was used to separate the radioactive me- 
tabolites in the plasma and in the urine (15-17). The solvents used were 
80 per cent n-propanol (4:1 volume per volume) and n-butanol saturated 
with water. To obtain plasma concentrations of sufficient activity for 
the radioautographs, a higher dose (15 mg. per kilo) was given intra- 
venously and the kidneys were tied off to effect accumulation of metab- 
olites in the blood. The chromatographic strips were developed in a man- 
ner similar to methods described previously (13, 17). 


Results 


Total recoveries of the injected C™ activity from tissue and excreta 
ranged from 90 to 109 per cent. A negligible amount of the C™ activity 
was given off as expired CO2. Approximately 40 per cent of the recovered 
activity was present in the urine at the end of 1 hour and 90 per cent at 
the end of 6 hours. Less than 10 per cent of the administered C™ activity 
was excreted in the feces. At 1 hour after injection, the gastrointestinal 
tract contained 9.0 + 3.5 per cent and the liver 3.4 + 1.2 per cent of the 
recovered activity. The blood value at this time was 3.0 + 2.0 per cent 
and the kidneys, lung, brain, and skin values were 2.1 + 1.0, 0.6 + 0.2, 
0.4 + 0.21, and 0.2 + 0.18 per cent, respectively. 

The data in Table I show the concentration of C™ activity in the various 
tissues as a function of time after subcutaneous administration of labeled 
isoniazid to vitamin B,-deficient and control animals. The values are re- 
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ported in microgram equivalents of injected dose’ to facilitate comparison 
of the results with those reported by Roth and Manthei (17), who studied 
the metabolism of C**-isoniazid in normal mice. 


TABLE I 


Distribution of C'* Activity Following Subcutaneous Administration of C'4-Isoniazid 
to Control and Vitamin B,-Deficient Rats 
The results are expressed as microgram equivalents per gm. of tissue. 





























1 hr. 6 hrs. 24 hrs. 
Tissue or sample —— Vitamin Vitamin 
Controls* Vitemia Be Controlst defirieats bac dehnizni 
I aiiuaxhcikooundewis in 3.7 2.9 0.75 0.52** | 0 0 
EE RE ae eee 5.6 5.7 0.31 0.69 0 0 
ING 26 wise cerns acntaee 6.2 5.0 0.27 0.33 0 0 
Bone (whole)............... 1.1 1.3 0.14 0.16 0 0 
EERIE SSR OCS: Seamer: | 8.4 6.7 0.58 0.41 0.05 | 0.05 
ER eta ee aod w-vistew engiied 7.4 6.9 1.38 0.37 0 0.05 
CD ahd ave ase egtecaled 19.9 19.2 1.27 0.73 0.02 | 0.22 
ES ee ee eee ee 7.8 4.9** 0.53 1.19 0 0 
BES 3 a cichwn Seg an ae eaute 8.3 6.5** 0.52 0.40 0.04 | 0.01 
ER AP oe eet 10.2 5.5** 0.37 0.29 0 0 
Gastrointestinal tract and 
WII ood Sino dasa 11.4 10.0 7.56 4.05 0.48 | 0.28 
NS SE ee Aa eee 5.0 5.6 0.50 0.94 0.29 | 0.20 
Blood (whole).............. 7.6 5.7" 0.37 0.26** | 0 0 
Feces (range)............... 2.9-35.4| 8.3-80.8) 1.46-2.64/0.61-4.2) 1.3 1.1 
See 0.9-2.55| 1.0-5.2 | 0.07 0.18 0 0 








* Average of four animals. 

+ Average of five animals. 

t Average of three animals. 

§ Average of six animals. 

|| One animal. 

§ Average of two animals. 

** Noted values are significantly different from control values, as determined by 
“t??-testing at the 95 per cent confidence level. 


At 1 hour after subcutaneous injection of C*-isoniazid, the concentration 
of radioactivity was significantly lower in several of the tissues (i.e. the 
adrenals, lungs, heart, and blood) of vitamin B,-deficient rats than in that 
of non-deficient control rats. At 6 hours, only the brain and blood con- 
centrations were significantly lower in the animals on the deficient diet. 


1 The tissue radioactivity equivalent to the activity of 1 y of the injected iso- 
niazid, 
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The concentrations of C™ activity in the blood of normal and vitamin 
B,-deficient rats after intravenous administration of labeled isoniazid are 
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Fia. 1. C™ activity in the blood following intravenous administration of C™- 
isoniazid in normal and vitamin Be-deficient rats. Each point represents the aver- 
age of three rats. 
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presented in Fig. 1, in which the log of the per cent injected dose per ml. 
of blood is plotted against time after injection in hours. When these data 
were analyzed by standard statistical methods, the slopes of the two re- 
gression lines were found to be significantly different, which showed that 
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the turnover half time of the C™ activity in the blood of the vitamin B,-de- 
ficient animals was slower than that of animals on a normal diet. The 
turnover half times of the activity in blood following injection were 1.54 
hours and 1.85 hours for the control and for the vitamin B,-deficient 
animals, respectively. As expected, the zero time intercepts of the two 
curves were not significantly different. 

The data on the cumulative urinary excretions of C“ activity, following 
intravenous administration of C'*-isoniazid to control and vitamin B,-de- 
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Fie. 2. Cumulative urinary excretion of C activity following intravenous ad- 
ninistration of C'*-isoniazid in normal and vitamin Be-deficient rats. Each point 
represents the average of three rats. 


fcient animals, are given in Fig. 2. After intravenous injection, the blood 
values were consistently higher in the vitamin Be-deficient animals, while 
the values for cumulative urinary excretion were lower. 

Chromatograms of plasma (developed with the n-butanol-water system) 
| hour after injection of C'*-isoniazid gave three definite bands in both the 
control and vitamin Be-deficient rats. At 6 hours after injection of the 
drug, chromatograms of plasma from control animals showed the presence 
of four metabolites, while those of plasma from the vitamin Beg-deficient 
animals exhibited only three distinct bands. At 12 hours, chromatograms 
of the plasma from most of the animals in both groups showed the presence 
of four metabolites and, at 24 hours after injection, the chromatograms of 
the urines of all animals showed four metabolites. The Rr values of the 
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metabolites in plasma (with the n-butanol-water system) are given in Table 
II. Evidence of a fifth band was seen on some chromatographic strips 
developed with 80 per cent n-propanol. 

Although there were no differences in the final number of metabolites in 
the urines of control and vitamin Be-deficient rats, chromatographic studies 
indicated variations in their rate of formation or their time of appearance 
in the plasma and urine. At 6 hours after intravenous injection of the isoni- 
azid, only two of the four urinary metabolites present at earlier times were 











TaBLeE II 
Rr Values for C'4-Isoniazid and Some of Its Metabolites 
Solvent system and Rp values 

Compound or material 
n-Propanol n-Butanol satu- 
80 per cent rated with H:0 
Known compounds Isoniazid* 0.66 + 0.04 | 0.43 + 0.04 
Isonicotinic acid* 0.41 + 0.03 | 0.16 + 0.083 
1-Isonicotinoyl-2-acetylhy- | 0.76 + 0.04 | 0.63 + 0.03 

drazinet 
Urinary metabolitest | Band 1 0.40 + 0.02 | 0.05 + 0.2 
~ % 0.54 + 0.03 | 0.15 + 0.4 
7, 0.64 + 0.03 | 0.23 + 0.2 
~)e 0.80 + 0.03 | 0.40 + 0.065 
" § 0.63 + 0.08 
Plasma metabolites re 0.10 + 0.4 
eins 0.23 + 0.02 
oe. 3 0.38 + 0.08 
" - 0.68 + 0.04 














* Determined with C'-labeled compounds. 

+t Determined with the CNBr-benzidine color test (18). 

t All the values are the average of eight samples, four controls, and four vitamin 
Be-deficient rats. 


still present in the urine of the control animals, while at least three to four 
were still detectable in the urines of the vitamin Be-deficient rats. The 
bands with Ry values of 0.54 and 0.8 (with 80 per cent n-propanol) were 
most consistently present in the urine of control animals 6 hours after in- 
jection of the drug. Bands with Ry values of 0.4, 0.54, 0.8, and occasional 
traces of a material with an R,y value of 0.64 predominated in urine of the 
vitamin B,-deficient animals. 

Table II indicates the urinary metabolites (and their Ry values) that 
appeared consistently in all animals. When the 80 per cent propanol 
solvent was used, some metabolites appeared inconsistently; these had 
Ry values of 0.23 and 0.92. For purposes of comparison, the Ry values 
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of several related known compounds also are given. A comparison of the 
Ry values found in the urine with those for the known compounds, iso- 
niazid, isonicotinic acid, and 1-isonicotinoyl-2-acetylhydrazine serves to 
identify these compounds as metabolites of isoniazid. This result is in 
agreement with previously reported observations (16, 17, 19, 20). 


DISCUSSION 


Tissue concentrations and excretion rates of the drug and its metabolites 
were similar to those reported for the mouse (17), with two exceptions. In 
the rat, the lungs did not contain significantly greater amounts of activity 
than the blood. The activity was not localized in the skin and it was elimi- 
nated so rapidly that it is doubtful whether the skin served as a storage 
depot for the drug, as had been postulated by others (17). 

The gastrointestinal tract, kidneys, and liver contained the highest 
amounts of activity per gm. of tissue. The high tissue concentration in 
the gastrointestinal tract suggested that the drug may undergo metabolism 
in this organ. There was also evidence for metabolism of the material in 
the liver. Not only were the drug and its derivatives concentrated in this 
organ, but in addition an acetylated derivative was one of the primary 
metabolites. The high concentration in the kidneys was, no doubt, due 
to the fact that this was the major excretory route of unchanged isoniazid 
and its metabolites. 

Plasma and urinary metabolites detected in this study were in agreement 
with those reported by Zamboni and Defranceschi (19). Unchanged 
isoniazid, isonicotinic acid, and the acetyl derivative of isoniazid are well 
established excretory products (16, 17, 19, 20). The metabolite with the 
Ry value of 0.54 (with 80 per cent n-propanol as the solvent) corresponded 
closely to the Ry value of 0.50 obtained for pyruvic acid isonicotinoyl hy- 
drazine, with 85 per cent isopropanol as the solvent (19). 

No evidence for the formation of pyridoxal isonicotinoyl hydrazone (postu- 
lated by Biehl et al. (1)) was noted in this study. Control chromatograms 
with a known sample showed that the above compound could be detected 
as a bright fluorescent band (R,r value of 0.67 + 0.04) with n-butanol 
saturated with water as the solvent. No such fluorescent band was pres- 
ent as a urinary metabolite. It is possible that hydrolysis of the compound 
could have occurred in the urine prior to or during the process of chro- 
matography. 

From isotope dilution calculations (21) the dilution volume of isoniazid 
and its metabolites was 64 to 74 per cent of the body weight. Since this 
approximated body water, in all probability these materials not only pass 
from the blood into extracellular fluid but also into intracellular water. 

The most significant finding in the present study was the lower rate of 
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metabolism of the drug in the vitamin B,-deficient rats when compared 
with that of the animals on a normal diet. The lower rate of metabolism 
was manifested in several ways. After intravenous injection of the labeled 
isoniazid, the appearance of C™ activity in the urine of the vitamin Be-de- 
ficient rats was significantly delayed. The delay was mirrored by higher 
radioactivity values in the blood and a 20 per cent longer turnover half 
time. On the other hand, after subcutaneous injection of the drug, the blood 
values were lower in the vitamin Be-deficient animals. One might explain 
this apparent reversal of results by the decreased rate of absorption from 
the injection site, again an indication of decreased metabolism. It is also 
of interest that the highly vascular organs, such as the heart and lungs, of 
the vitamin B,-deficient animals showed lower tissue concentration values 
after subcutaneous injection than did those of the control animals. The 
lower concentration in the soft tissue may be explained on the basis of the 
lower blood values in the latter group of animals. There is no readily 
apparent explanation of the significantly higher tissue concentrations in 
the adrenals of the control group over the vitamin Be-deficient animals, 

The lower rate of metabolism is also observed in the chromatographic 
studies of plasma and urine, which suggested a much slower appearance of 
the metabolites in the fluids of the vitamin Be-deficient animals. At 6 
hours, the control animals showed four metabolites in the plasma, while 
those on the deficient diet had only three. This was also reflected in the 
urinary metabolites with the vitamin B,-deficient animals excreting some 
of the metabolites over a longer period of time. M2 {| yi 

The differences in the metabolism of C**-isoniazid in the vitamin Be-de- 
ficient rats could be explained on the basis of the general decreased rate of 
metabolism associated with vitamin deficiency. These differences may 
only partially explain the increased toxicity of isoniazid in vitamin Be-de- 
ficient rats. 


SUMMARY 


C-labeled isoniazid was administered to normal and vitamin Be-deficient 
rats. 90 per cent of the C™ activity, as changed or unchanged drug, was 
excreted in the urine 6 hours after injection of isoniazid. At 1 hour after 
subcutaneous injection of the drug, tissue concentrations of C™ activity 
as isoniazid or its metabolites were significantly lower in the blood, lungs, 
heart, and adrenals of the vitamin Be-deficient rats. At 6 hours after in- 
jection, only the blood and brain of the vitamin Be-deficient animals had 
significantly lower concentration of activity than the controls. The turn- 
over half time of isoniazid and its metabolites in the blood was 1.54 hours 
in the control animals and 1.85 hours in the animals on the deficient diet. 
The rate of metabolism and excretion of isoniazid and its metabolites was 
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pared | decreased in the vitamin B,-deficient rats. No complete explanation for 
olism | the increased toxicity of isoniazid in vitamin B,-deficient rats could be found 
beled | in this study. 

Be-de- 
righer The authors wish to acknowledge the advice of Dr. Harry Foreman. 
r half | We are indebted to Arthur Murray, III, for the synthesis of the pyridoxal 
blood | isonicotinoyl hydrazone and to Dr. Donald G. Ott for the preparation of 
xplain 1-isonicotinoyl-2-acetylhydrazine. 
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POLYSACCHARIDE FORMATION IN REPAIR TISSUE DURING 
ASCORBIC ACID DEFICIENCY* 


By WILLIAM van B. ROBERTSON ann HUBERT HINDS 


(From the Department of Biochemistry and the Division of 
Experimental Medicine, College of Medicine, University 
of Vermont, Burlington, Vermont) 
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Formation of a normal fibrous repair tissue requires ascorbic acid, for in 
the absence of this vitamin a tissue proliferates lacking the fibrillar elements 
which contribute to tensile strength (1). Chemical analyses have shown 
that the massive repair tissue induced by the subcutaneous injection of a 
foreign body, the galactan carrageenan, contained very little collagen when 
the animals received a diet deficient in ascorbic acid (2). This tissue had a 
higher water content than repair tissue from adequately fed guinea pigs 
and, when minced, exuded appreciable amounts of a viscid, mucinous fluid. 
A preliminary comparison of this fluid with the scanty serous exudate 
which appeared when normal repair tissue was minced showed that the 
former contained greater amounts of mucopolysaccharides. 

The increased interest in connective tissue polysaccharides during recent 
years has prompted several investigations of the changes in these com- 
pounds during scurvy. Penney and Balfour (3) concluded, on the basis 
of metachromatic staining reactions, that acid mucopolysaccharides did 
not appear in muscle wounds of scorbutic guinea pigs, whereas Bunting 
and White (4), using similar techniques, reported that mucopolysaccharides 
were more abundant than normal in skin wounds of scorbutic guinea pigs. 
Persson (5) found that sections of various scorbutic tissues contained more 
hexosamine and yielded more intensive polysaccharide staining than the 
comparable normal tissues. Gersh and Catchpole (6) interpreted their 
observations as indicating a depolymerization of glycoproteins during 
scurvy, but did not consider the effect of scurvy on concentration. Ludwig 
(7) stimulated new connective tissue formation in normal and scorbutic 
guinea pigs by inducing exophthalmos. The retrobulbar tissue increased 
in both groups and there was no difference in hexosamine content. Kodicek 
and Loewi (8), in a recent publication, reported that the hexosamine con- 
tent of repair tissue from tendons of normal and scorbutic guinea pigs was 
similar. Dunphy and Udupa (9) have referred to the increased mucopoly- 


* This research was supported in part by a research grant No. A-360 from the Na- 
tional Institutes of Health, Public Health Service. 
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saccharide content of scorbutic granulation tissue. All in all, the cited re. 
ports permit no clear conclusion concerning the formation and abundance 
of mucopolysaccharides in connective tissue during ascorbic acid deficiency, 

The data presented in this paper show that excessive amounts of muco- 
polysaccharides accumulate in repair tissue which forms in the absence of 
adequate ascorbic acid. 


EXPERIMENTAL 


Analytical Methods—Assay of aminosugar was based on the method of 
Schloss (10). Slight modifications were the substitution of isopropanol 
for ethanol and changes in the composition of the carbonate buffer so that 
tissue or polysaccharide hydrolysate could be used without prior neutral- 
ization. Hydrolysis was carried out for 4 hours in 4 N HCl at 100° in glass 
test-tubes sealed with Teflon-lined screw caps. The hydrolysate was sim- 
ply diluted prior to assay, but, if the concentration was low, an aliquot was 
evaporated to dryness in vacuo over NaOH and then made to a convenient 
volume with 0.4 nN HCl. Glucosamine hydrochloride was always subjected 
to the same procedure and unknowns were corrected for recoveries which 
averaged 98 per cent. Nitrogen was determined by a micro-Kjeldahl 
method (distillation) and uronic acid by the carbazole method of Dische 
(11). Estimates of viscosity were made of polysaccharide dissolved in 
phosphate buffer! by using a Cannon-Fenske pipette with an efflux time 
for water of 60 seconds at 25°. 

Preparation of Tissue—Proliferation of a repair tissue was induced in 
guinea pigs by subcutaneous injection of an extract of Irish moss,’ previ- 
ously described techniques being used (2). The Macdonald No. 5 scorbu- 
tigenic diet (12) was supplemented with 50 mg. of ascorbic acid every other 
day, but this supplement was discontinued after the Irish moss injection 
when a “scorbutic” repair tissue was desired. Repair tissue was removed 
from the guinea pigs on the 14th day following injection. Normal repair 
tissue was also taken at 8 days, before appreciable collagen had formed 
(2), in order to compare the polysaccharide content of this early stage tis- 
sue with that of the “‘scorbutic”’ repair tissue. The tissue, freed grossly of 
necrotic material, muscle, and blood, was minced with scissors and then 
forced through a tissue press with a plate having 0.8 mm. holes. 

Analysis of numerous normal and ascorbic acid-deficient repair tissues 


1 The phosphate-sodium chloride buffer used throughout this study had a pH = 
7.0 and aI/2 = 0.26. 

2 We are indebted to Mr. L. Stoloff, Seaplant Chemical Corporation, New Bedford, 
Massachusetts, for a purified preparation. 
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yielded the average values which are given in the accompanying table: 


The values are given in mg. per gm. of fresh tissue. 

















Water Nitrogen Collagen | Hexosamine 
NN i bo its save owen ons 868 16.8 15.3 1.6 
“Scorbutic” tissue............... 895 14.5 2.4 1.8 





As shown above, the “‘scorbutic”’ tissue contained significantly less collagen 
and more water than the normal tissue, but the total nitrogen content was 
about the same, especially if corrected to a dry weight basis. In view of 
the errors involved in the determination of hexosamine in proteinaceous 
mixtures, the differences observed between the two tissues could be con- 
sidered no more than suggestive of a difference in mucopolysaccharide con- 
tent. 

Extractable Mucopolysaccharides—In order to obtain a more reliable assay 
of mucopolysaccharides, it was necessary to separate these from the bulk 
of tissue proteins. Three different procedures were applied. In the first 
method, the tissue mash was extracted with neutral phosphate buffer, in 
the second, extraction with 2 per cent phenol was followed by extraction 
with m potassium thiocyanate, and in the third, the tissue was digested with 
pepsin and trypsin. 

A phosphate extract was prepared by mixing 10 gm. of tissue mash in 
about 20 ml. of buffer and allowing it to stand for 3 days at 4° with occa- 
sional stirring. This was repeated twice and the pooled extracts were made 
toa volume of 70 ml. 25 gm. of potassium acetate were added to a 50 ml. 
aliquot and, after centrifuging sharply and filtering through glass wool, poly- 
saccharide was precipitated from the filtrate by pouring the mixture into 
150 ml. of ethanol. The precipitate was washed with ethanol and ether, 
then dissolved in 10 ml. of phosphate buffer. The solutions were clarified 
by centrifugation for 1 hour at 14,000 X g. Preparations so obtained from 
ascorbic acid-deficient tissue had a significantly higher viscosity and hexos- 
amine content than those from normal repair tissue (Table I). 

Since the hexosamine content of the polysaccharide fraction obtained 
after phosphate extraction was considerably less than the total hexosamine 
content of the tissue, more effective solvents, phenol and potassium thio- 
cyanate, were used. 10 gm. of tissue mash were extracted first with 20 ml. 
of 2 per cent phenol, then with two 20 ml. portions of 1m KCNS. The ex- 
traction and subsequent preparation of the polysaccharide fraction followed 
the procedure described for phosphate. Upon precipitation with ethanol, 
extracts from scorbutic tissue yielded fibrous precipitates in contrast to the 
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flocculent or finely amorphous precipitates obtained from normal repair 
tissue. The amount of aminopolysaccharides isolated from the ascorbic 
acid-deficient tissue, as indicated by hexosamine concentration, was again 
greater than that from the normal tissue (Table I). The relatively high 
viscosity of the polysaccharide solutions from ascorbic acid-deficient ani- 
mals and the fibrous nature of the precipitates are suggestive of a highly 
polymerized compound. Although the degree of polymerization in vivo 


TasLe [ 
Comparison of Polysaccharide Fraction from Normal and ‘‘Scorbutic’’ Repair Tissue 
The values are given in mg. per gm. of fresh tissue. 





























No. 
—— State of tissue = nrel Hexosamine Nitrogen Uronic acid 
pigs 
Phosphate Normal after 14 | 10 1.34 0.06 | 0.125 
buffer days +0.06* | +0.004 +0.003 
Scorbutic after | 11 1.94 0.33 0.147 | 
14 days +0.21 +0.040 +0.010 | 
Normal after 8| 7 1.10 0.07 0.135 | 
days +0.01 +0.004 +0.008 | 
Phenol- Normal after 14 | 19 2.10 0.14 0.406 | 0.17 
thiocyanate days +0.20 +0.015 +0.029 +0.027 
Scorbutic after | 16 6.75 0.73 0.454 | 0.64 
14 days +0.47 +0.059 | +0.010 | +0.108 
Normal after 8| 6 2.41 0.21 0.503 | 0.14 
days +0.38 +0.007 | +0.032 | +0.009 
Enzymatic Normal after 14 | 12 1.08 0.24 | 0.234 | 
digest days | | £0.01 | +0.009 | 0.022 
Scorbutic after| 7, 1.49 | 0.80 0.268 
14 days | | #0.02 | +0.058 | 0.009 





*The data are presented as the mean + its standard deviation. 


may be different, these data do not support the view that ascorbic acid de- 
ficiency produces a depolymerized connective tissue matrix (6). 

In order to circumvent the possibility that these results represented only 
a difference in extractability, 10 gm. of tissue were incubated with 5 mg. of 
crystalline pepsin and maintained at pH 2 and 38° for 18 hours. At this 
time, another 5 mg. of pepsin were added and the digestion was continued 
for 18 hours. The pH was adjusted to 8 with 2 n K,CO; and 10 mg. of 
crystalline trypsin were added. After incubation for 20 hours the small 
amount of insoluble residue was centrifuged and the polysaccharides were 
precipitated from the supernatant solution by addition of 5 volumes of eth- 
anol. The precipitate was dissolved in 15 ml. of phosphate buffer, 5 gm. 
of potassium acetate were added to a 10 ml. aliquot, and the mixture was 
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centrifuged. The supernatant solution was poured into 30 ml. of ethanol; 
the precipitate obtained was washed with ethanol and ether, then dis- 
solved in 10 ml. of phosphate buffer. Analyses of the polysaccharide frac- 
tions obtained in this way confirm the results of the two extraction pro- 
cedures that the mucopolysaccharide fraction from ‘“‘scorbutic” repair 
tissue contains 3 to 6 times as much hexosamine as that from normal 
repair tissue. 

Immature Repair Tissue—The data presented here raise the question 
whether the increased concentration of polysaccharide is simply a failure 
to remove the polysaccharides which form in the early stages of granu- 
lation (13), or whether the cellular production of polysaccharide is in- 
creased by a deficiency of ascorbic acid. The polysaccharide fraction ex- 
tracted from normal young repair tissue (8 days) in which there has not yet 
been appreciable collagen formation (2) yielded analytical data, also pre- 
sented in Table I, similar to those from normal tissue. These data suggest 
an increased activity of the scorbutic polysaccharide-producing cells. 


DISCUSSION 


The classic morphologic description of ascorbic acid deficiency has been 
that of an inability to lay down and maintain a normal intercellular matrix 
(1). Histologists, in focusing their attention on one component of this 
matrix, believed that ascorbic acid was necessary for the maintenance as 
well as formation of normal collagen (1, 14, 15). Biochemical studies con- 
firmed the necessity of ascorbic acid for collagen formation (2), but showed 
that the vitamin was unnecessary for maintenance of collagen once it had 
formed (16). The finding that excess polysaccharides accumulate in scor- 
butic repair tissue may help to reconcile the two views regarding collagen 
maintenance and to clarify some of the changes observed in scurvy. 

We believe that these divergent views arose because the definitions of 
collagen used by biochemists and histologists are operational and different. 
The biochemists use the term collagen to refer to a molecular entity de- 
fined by its chemical reactivity and characteristic amino acid composition, 
viz. relative insolubility in dilute alkali, hydrolyzability to gelatin in boil- 
ing water, and high hydroxyproline content. The histologists, on the other 
hand, refer to a microscopic entity which has particular staining properties 
and a characteristic appearance when observed with the light microscope. 
Collagen so defined includes the molecular entity of the biochemist but 
probably includes mucopolysaccharides and other components of the inter- 
cellular matrix. 

In normal connective tissue the molecular collagen fibrils with associated 
water and polysaccharides are lined up in parallel to form the character- 
istic undulating fibers observed by the histologist. Excessive amounts of 
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hydrophilic polysaccharides accumulate during an ascorbic acid deficiency, 
as suggested by the present data and by previous studies (5). These would 
disperse the fibrils and the collagen might be invisible with the microscope 
or appear as reticulin or fragmented fibers even though the molecular col- 
lagen itself had undergone no change detectable by chemical techniques, 
The tissue containing the separated fibrils might then be expected to have 
less tensile strength, even though the concentration of molecular collagen 
had not decreased. The ease with which skin of scorbutic guinea pigs 
tears despite an increased collagen concentration (16) may be an example 
of such behavior. An observation common in the older literature of scurvy 
(17) that long healed wounds broke open anew when an individual became 
scorbutic might thus be satisfactorily explained. Breakdown of a scar 
would have been especially likely if it had healed improperly and was chron- 
ically cellular as a consequence of the low ascorbic acid content of the then 
usual diet. 


SUMMARY 


Proliferation of a granulomatous repair tissue was induced in guinea 
pigs by the subcutaneous injection of a carrageenan suspension. The col- 
lagen-poor tissue that formed in guinea pigs deprived of ascorbic acid dur- 
ing tissue development contained about 5 times as much mucopolysaccha- 
ride as repair tissue that formed in animals adequately supplied with 
ascorbic acid. The predominant polysaccharide which accumulates in 
scorbutic repair tissue has been isolated and identified as hyaluronic acid.) 

Excessive polysaccharide formation in scorbutic tissue was considered 
to be a factor responsible for the degradative histologic changes observed 
in collagen during scurvy. 


BIBLIOGRAPHY 


. Wolbach, S. B., and Bessey, O. A., Physiol. Rev., 22, 233 (1942). 

. Robertson, W. van B., and Schwartz, B., J. Biol. Chem., 201, 689 (1953). 

. Penney, J. R., and Balfour, B. M., J. Path. and Bact., 61, 171 (1949). 

. Bunting, H., and White, R. F., Arch. Path., 49, 590 (1950). 

. Persson, B. H., Acta soc. med. Upsala, 58, suppl. 2 (1953). 

. Gersh, I., and Catchpole, H. R., A. M. A. Arch. Path., 51, 597 (1951). 

. Ludwig, A. W., Proc. Soc. Exp. Biol. and Med., 85, 424 (1954). 

. Kodicek, E., and Loewi, G., Proc. Roy. Soc. London, Series B, 144, 100 (1955). 
. Dunphy, J. E., and Udupa, K. N., New England J. Med., 253, 847 (1955). 

10. Schloss, B., Anal. Chem., 28, 1321 (1951). 

11. Dische, Z., J. Biol. Chem., 167, 189 (1947). 

12. Crampton, E. W., J. Nutr., 33, 491 (1947). 

13. Sylven, B., Acta chir. Scand., 86, suppl. 66 (1941). 

14. Héjer, J. A., Acta paediat., suppl. 3, 1 (1924). 

15. Pirani, A. L., and Levenson, 8. M., Proc. Soc. Exp. Biol. and Med., 82, 95 (1953). 
16. Robertson, W. van B., J. Biol. Chem., 187, 673 (1949); 196, 403 (1952). 

17. Hess, A. F., Scurvy, past and present, Philadelphia (1920). 


COnNOQar WN 





ma 
ant 
cer 
hay 


not 
do: 
int 
def 
ero 
pre 


of « 
stu 


cur 


on 
toe 
Ine 


Am 
Apr 


for 


Mex 
seal 


XUM 


ency, 
vould 
scope 
r col- 
ques. 
have 
lagen 
. pigs 
ample 
curvy 
came 
4 scar 
-hron- 
> then 


ruinea 
1e col- 
d dur- 
accha- 
1 with 
tes in 
acid.) 
sidered 


served 


1955). 


5 (1953). 





THE METABOLISM OF VITAMIN E 


I. THE ABSORPTION AND EXCRETION OF d-a-TOCOPHERYL- 
5-METHYL-C"-SUCCINATE* 


By ERIC J. SIMON, CHARLOTTE S. GROSS, anp ADE T. MILHORAT 


(From the Departments of Psychiatry and Medicine, Cornell University 
Medical College, the Russell Sage Institute of Pathology, and 
The New York Hospital, New York, New York) 


(Received for publication, October 25, 1955) 


Vitamin E is widely distributed throughout the tissues of animals and 
man (2-4), and its deficiency causes a variety of syndromes in laboratory 
and farm animals (5). Very little information, however, is available con- 
cerning either the metabolic fate or the biochemical réle of this vitamin. We 
have, therefore, undertaken a study of the metabolism of a-tocopherol. 

It has been reported that a-tocopherol and a-tocopherylquinone were 
not excreted in the urine of animals even after the administration of large 
doses of vitamin E (6,7). Some excretion of absorbed tocopherol into the 
intestinal tract has been postulated (7,8). In this report we shall present 
definitive evidence both for the presence of a metabolic product of a-tocoph- 
erol in the urine and for the excretion of a-tocopherol and its metabolic 
products from the blood stream into the intestinal tract. 


Materials and Methods 


d-a-T ocopheryl-5-methyl-C'-succinate—The crystalline succinate ester 
of d-a-tocopherol labeled with C“ in the 5-methyl group was used in these 
studies! The material had a specific activity of 0.147 uc. per mg. 

6-p-Glucuronidase—Beef spleen and rat liver preparations of 6-p-glu- 
curonidase (9) were used.” 

Administration and Collection—Young rabbits (1 to 2 kilos) maintained 
on Diet 11 of Goettsch and Pappenheimer (10) supplemented with dl-a- 
tocopherol were kept in metabolism cages which permitted separation and 


* Supported by a grant from the Muscular Dystgophy Associations of America, 
Inc., and by assistance from the Tall Cedars of Lebanon. 

A preliminary report on this work was presented before the 44th meeting of the 
American Society for Pharmacology and Experimental Therapeutics at Atlantic City, 
April, 1954 (1). 

1 The authors wish to thank Dr. P. L. Harris of Distillation Products Industries 
for making available the labeled d-a-tocopheryl] succinate. 

2 The authors are indebted to Dr. M. Levitz of New York University College of 
Medicine, and Dr. D. Dziewiatkowski of The Rockefeller Institute for Medical Re- 
search for generous quantities of 8-d-glucuronidase preparations. 
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complete collections of all feces and urine eliminated during each 24 hour 
period. The d-a-tocopheryl-5-methyl-C-succinate in doses of 10 to 15 
mg. (1.5 to 2 uc.) was administered by various routes. The material wag 
dissolved in 1 ml. of sesame oil for oral and subcutaneous administration, 
For intravenous injection it was dissolved in 1 ml. of a mixture of 9 parts of 
5 per cent aqueous triethanolamine and 1 part of ethanol. Massive doses 
were administered by mixing 200 mg. of unlabeled d-a-tocophery] succinate 
with the tracer dose in 6 ml. of aqueous triethanolamine-ethanol. 

Extraction of Radioactive Materials—Urines were acidified to pH 1 to 2 
and extracted continuously with ether for 48 hours. About 90 per cent of 
the radioactivity was recovered in this manner. Longer extraction times 
did not result in an increased yield of C'. Feces were dried in vacuum 
and ground to a fine powder. Continuous extraction with ethanol in a 
Soxhlet apparatus for 24 hours yielded 80 to 90 per cent of the radioactiy- 
ity. The yields were not improved by increasing the time of extraction. 

Methods of Counting—Whenever levels of activity permitted, samples to 
be counted were converted to barium carbonate by a modification (11) of 
the wet combustion method of Van Slyke and Folch (12) and counted at 
‘infinite thickness” in stainless steel planchets in a Tracerlab windowless 
gas flow counter. The factor relating counts per minute of “infinitely 
thick” barium carbonate to microcuries was determined by counting as 
barium carbonate a sample of d-a-tocopheryl-5-methyl-C"-succinate of 
known weight and specific activity. 

When combustion was not feasible, small urine aliquots were dried slowly 
in tared planchets under an infra-red lamp and counted. A self-absorption 
curve for these samples was constructed by counting a known quantity of 
d-a-tocophery]-5-methyl-C"-succinate with various quantities of urine res- 
idues. Samples of dried feces were counted directly at “infinite thick- 
ness.” Conversion of counts per minute at “infinite thickness” to micro- 
curies was accomplished by counting fecal samples of sufficiently high spe- 
cific activity both directly and as barium carbonate. Agreement between 
counts by direct plating and combustion was reasonably good (+10 per 
cent). 

Hydrolysis of Urinary Excretion Product; Acid Hydrolysis—To the residue 
of an evaporated ether extract of a 24 hour specimen of urine 100 ml. of 3.n 
HCl were added, and the mixture was refluxed for 2 hours. On cooling to 
room temperature the hydrolysis mixture was extracted with petroleum 
ether for 24 hours. 

Enzyme Hydrolysis—The residue of an evaporated ether extract of a 24 
hour specimen of urine was dissolved in 40 ml. of water, the pH was adjusted 
to 4.5 with solid sodium bicarbonate, and 4 ml. of acetate buffer (pH 4.5) 
were added. The mixture was incubated at 37° for 5 days with 6-p-glu- 
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hour curonidase in concentration of 400 Fishman units per ml. Penicillin and 
0 15 Streptomycin, in concentrations of 25 units and 25 y per ml., respectively, 
| was were added to prevent bacterial growth. The incubation mixture was 
tion. subsequently extracted with petroleum ether for 24 hours. 
rts of Ultraviolet Spectra—Ultraviolet spectra were determined in purified eth- 
Joses anol (distilled over potassium permanganate and potassium hydroxide) 
inate and “spectrograde”’ isooctane (Phillips Petroleum) in silica cells with a 1 
em. light path in a Beckman DU spectrophotometer. 

to 2 Paper Chromatography—Two reverse phase paper chromatographic sys- 
nt of tems, developed for the separation of the tocopherols, were employed: the 
times system of F. Brown (13) as modified by Eggitt and Ward (14) in which 
cum Whatman No. 1 paper is impregnated with light petroleum, B. P., Nujol, 
ina and the chromatogram is developed with 75 per cent ethanol, and the sys- 
uctiv- tem of J. A. Brown (15) in which Whatman No. 1 paper is treated with sili- 
ion. cone stop-cock grease and developed with appropriate mixtures of aceto- 
lesto | nitrile and water. Spots were identified by scanning under an ultraviolet 
11) of | lamp and, in the case of a-tocopherol, by spraying with a ferric chloride- 
ed at | dipyridyl reagent in glacial acetic acid (16). 
ywless Isotope Dilution Technique—Known quantities of unlabeled d-a-tocoph- 
nitely | erol or d-a-tocopheryl succinate were added to extracts of feces or urine, 
ng 88 | and isolated as the crystalline succinate ester. In instances when free a- 
ite of | tocopherol had been added, the succinate was prepared by refluxing the dry 
residue with an excess of succinic anhydride in a few ml. of pyridine for 3 
slowly | hours. Ether was added to precipitate the excess anhydride, which was 
rption | removed by filtration. Repeated washings with 5 per cent HCl removed 
ity of | the pyridine. Ether was removed by evaporation. Isolation of tocoph- 
1e res- | eryl succinate was achieved in the following manner: the mixture was 
thick- | dissolved in 83 per cent ethanol and made slightly alkaline. Extraction 
micro- | with three portions of petroleum ether removed impurities. After acidi- 
h spe- | fication of the ethanol solution, the tocopheryl succinate was extracted into 
tween | petroleum ether. The crude tocopheryl succinate was recrystallized to 
10 per | constant specific activity from isooctane or petroleum ether. The total 
radioactivity of the tocophery] succinate (specific activity times theoretical 
esidue | yield) divided by the total radioactivity in the extract represents the frac- 
of 3N | tion of isotopic material present in the extract as tocopherol or tocopheryl 
ling to | succinate. 
roleum Isolation of Fecal Metabolite—A crude fecal metabolite was isolated by a 
modification of the series of steps described by F. Brown (13). p-Acetyl- 
of a 24 | aminophenol (17) was found to be a better antioxidant than pyrogallol 
justed | during the saponification. In the chromatographic step a-tocopherol was 
H 4.5) | eluted from Florex XXS with benzene; however, ether-ethanol mixtures 
-D-glu- | were necessary to elute the metabolite. 
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RESULTS AND DISCUSSION 


Absorption and Excretion Studies—The oral administration of a sesame 
oil solution of d-a-tocopheryl-5-methyl-C'*-succinate led to a rapid elimina- 
tion of radioactivity in the feces, as is shown in Fig. 1. Over 74 per cent 
of the administered dose appeared in the stool within 3 days after adminis- 
tration. More than 93 per cent of the fecal excretion product was shown 
by the isotope dilution technique to be either a-tocopherol or a-tocophery] 
succinate. Only traces of radioactivity were found in the urine. 

The subcutaneous administration of labeled a-tocopheryl succinate in 
oil was followed by very slow elimination of radioactivity (Fig. 2). During 
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Fig. 1. Excretion of radioactivity in feces after oral administration of a tracer 
dose of d-a-tocopheryl-5-methyl-C"*-succinate. 

Fig. 2. Excretion patterns after subcutaneous and intravenous administration of 
tracer doses of d-a-tocopheryl-5-methyl-C"-succinate. 


11 days only 10 per cent of the dose appeared in the feces and 4 per cent in 
the urine. When the animal was sacrificed on the 11th day after injection, 
14 per cent of the administered dose was found at the site of injection. 

When the isotopic vitamin E was given by the intravenous route, con- 
siderable radioactivity was eliminated in both urine and feces, as shown in 
Fig. 2. The urinary activity was highest on the Ist day and decreased 
rapidly thereafter, while the fecal output reached its peak on the 3rd or 4th 
day after injection and fell off more slowly. A period of 15 to 20 days was 
required for complete elimination of the isotopic material as shown by the 
absence of detectable radioactivity from both urine and feces after this 
period. The total recovery of C“ from the excreta comprised 70 to 75 per 
cent of the administered dose. About 20 to 30 per cent of the recovered 
radioactivity appeared in the urine, while 70 to 80 per cent was found in 
the feces. 
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When a “massive dose” of tocophery! succinate was administered by the 
intravenous route, the total amounts of radioactivity appearing daily in 
the excreta were roughly the same as when only the tracer dose was given. 
This would seem to indicate that the fraction of the dose that is eliminated 
by the body is essentially independent of the size of the dose in the range of 
10 to 220 mg. 

Isotope dilution studies showed that in the feces of rabbits given a-tocoph- 
eryl succinate either subcutaneously or intravenously 40 to 50 per cent of 
the ethanol-extractable excretion products was free a-tocopherol. Virtu- 
ally all of the succinate ester had been hydrolyzed in the body. 

Previous reports on the absorption of vitamin E are few and are limited 
largely to studies of absorption from the gastrointestinal tract (18, 19). 
The results were usually based on the chemical determination of tocopherol 
and tocopherylquinone in the feces and are somewhat open to question in 
view of the possibility of excretion of absorbed tocopherol into the intestinal 
tract. The use of isotopic tocopherol permits the estimation of absorption 
by comparison of the rate of fecal excretion, the level of urinary radioactiv- 
ity, and the nature of the fecal excretion products with the corresponding 
results obtained on intravenous administration of the material. Such a 
comparison leads to the conclusion that most of the labeled material re- 
covered in the feces after oral administration, particularly during the first 
3 days, must have been unabsorbed vitamin E, since after intravenous in- 
jection only 12 per cent of the dose had appeared in the stool during the 
same period, and since only 40 to 50 per cent of this material was a-tocoph- 
erol. A consideration of these results and of the relative levels of urinary 
radioactivity led us to estimate that the amount of a-tocopheryl succinate 
absorbed from the gastrointestinal tract in this experiment did not exceed 
10 per cent of the oral dose. 

It is of interest that following subcutaneous administration the excretion 
patterns, including the relative amounts of radioactivity in urine and feces, 
resemble closely those obtained on intravenous injection, except for smaller 
absolute amounts of daily excretion and a delay of both maxima by 6 days, 
presumably due to the very slow rate of absorption from the subcutaneous 
site. Since the amount of tocopherol absorbed averaged approximately 1 
mg. per day, or about the quantity an animal may be expected to absorb 
from its food, this may be taken as evidence that these excretion patterns 
would hold under physiological conditions. 

A direct investigation of radioactivity present in the respiratory carbon 
dioxide was not feasible because of the low level of radioactivity of the ad- 
ministered material. It seems justified to conclude, in view of the high re- 
covery of radioactivity in urine and feces over such a long period, that oxi- 
dation of the carbon atom of the 5-methy] group and its excretion as carbon 
dioxide can at best be a very minor pathway of elimination. 
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The data presented indicate that a significant portion of parenterally ad- 
ministered tocopherol is eliminated in some form in the urine and that ex- 
cretion from the blood stream into the intestinal tract takes place to a large 
degree. These results bear considerable similarity to the findings of Siper- 
stein and Chaikoff (20) on the elimination by the rat of intravenously ad- 
ministered C'-cholesterol labeled in the steroid nucleus. These authors 
found that virtually all of the isotopic cholesterol was excreted into the in- 
testinal tract and eliminated in the feces. The period of 15 days required 
for complete elimination of the administered dose as well as the shape of 
the fecal excretion curve is strikingly similar to the results reported here 
for vitamin E. The observation that elimination via the urine is a signifi- 
cant pathway for a-tocopherol, while it is a negligible one for cholesterol, 
represents the most important difference between the modes of elimination 
of these two lipide materials. 

Nature of Excretion Products Following Parenteral Administration: In 
Feces—It has already been pointed out that 40 to 50 per cent of the eth- 
anol-extractable fecal excretion products was found to be free a-tocopherol. 
Preliminary observations on the balance of the fecal radioactivity indicate 
that it is composed of materials of much more polar character than a-to- 
copherol, as shown by its distribution between aqueous ethanol and petro- 
leum ether and the behavior of a crude metabolite, isolated from the feces, 
in reversed phase paper chromatography. This material had an R, of 0.88 
in the system of Eggitt and Ward (14), in which the Rr of a-tocopherol is 
0.25. The nature of the fecal excretion products is under investigation. 

In Urine—The reason for the negative findings of previous workers look- 


ing for urinary a-tocopherol became clear when it was shown by isotope di- | 


lution as well as by paper chromatographic procedures that no detectable 
a-tocopherol or a-tocopheryl succinate was present in urine. On the as- 
sumption that small quantities of tocopherol, if they were to appear in the 
urine, would most likely be present early after administration, when the 
blood a-tocopheryl succinate level is highest, the urine of one rabbit was 
collected by catheter during the 6 hours immediately following intravenous 
injection. The first urine sample obtained 2 hours after injection had the 
highest specific activity, but, even here, metabolic products of a-tocoph- 
erol accounted for 99 per cent of the radioactivity. 

Over 90 per cent of the isotopic material in the urine was strongly acidic 
and could be removed from acidified urine by continuous ether extraction 
for 48 hours. Continuous extraction with petroleum ether removed less 
than 10 per cent of the total radioactivity. 

Acid hydrolysis of the evaporated ether extracts increased the amount 
of petroleum ether-extractable isotopic material to 60 to 70 per cent, while 
incubation with the enzyme £#-p-glucuronidase gave a petroleum ether- 








solu 
pro’ 


ifiec 
tion 
ject 
usec 
the 
dep. 


petr 
hyd 


ima 
sper 
the 
evic 
imp 
its | 
ext 
of | 
at ¢ 
sys 
to ( 
stri 


XUM 


lly ad- 
lat ex- 
a large 
Siper- 
sly ad- 
uthors 
the in- 
quired 
ape of 
d here 
signifi- 
sterol, 
nation 


on: In 
he eth- 
pherol. 
idicate 
n a-to- 
 petro- 
e feces, 
of 0.88 
herol is 
tion. 

rs look- 


ope di- | 


ectable 
the as- 
r in the 
hen the 
bit was 
venous 
had the 
tocoph- 


y acidic 
traction 


ved less 


amount 
t, while 
1 ether- 








E. J. SIMON, C. 8S. GROSS, AND A. T. MILHORAT 803 


soluble radioactive substance in 70 to 90 per cent yield. These results 
provided evidence that the major excretion product may be a glucuronide. 

Since hydrolysis and petroleum ether extraction gave a considerably pur- 
ified product, as indicated by its spectrum and specific activity, our atten- 
tion was directed towards a study of this material. Urines of rabbits in- 
jected intravenously with massive doses of d-a-tocopheryl succinate were 
used. ‘The petroleum ether extracts of acid or enzyme hydrolysates from 
the urines of such rabbits showed the characteristic absorption spectrum 
depicted in Fig. 3. The proportionality of the optical density at the max- 
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Fig. 3. Ultraviolet absorption spectra of urinary metabolite after hydrolysis and 


petroleum ether extraction. Curve A, after enzyme hydrolysis; Curve B, after acid 
hydrolysis. 


" 310 


ima to the specific activity of the sample as well as the similarity of the 
spectrum to that of a-tocopherylquinone (21), from which it differs only by 
the presence of end-absorption in the short ultraviolet region, was taken as 
evidence that the spectrum is really due to the metabolite rather than to 
impurities. The substance was shown not to be a-tocopherylquinone by 
its considerably more polar character. While the latter is quantitatively 
extracted from 50 per cent ethanol by one extraction with an equal volume 
of petroleum ether, the metabolite distributes itself between these solvents 
at a ratio of 3:1 in favor of the aqueous ethanol. In the chromatographic 
system of Eggitt and Ward (14) the metabolite had an R, of 0.88 compared 
to 0.50 for a-tocopherylquinone and 0.25 for a-tocopherol. An even more 
striking demonstration of the vast difference in polarity is shown in Table I, 
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which gives the R, values for these compounds in the system of J. A. Brown 
(15). 

Whereas tocopherol and its quinone separated only slightly in this sys- 
tem, the metabolite traveled with the solvent front in concentrations of 
aqueous acetonitrile in which tocopherol and its quinone did not leave the 
origin. 

Paper chromatography of the hydrolyzed material also indicated the 
complete absence of a conjugated form of a-tocopherol. 

The increase in polarity and the characteristic spectrum of the urinary 
metabolite obtained on hydrolysis point to oxidation of the chroman ring 
to the p-quinone state and to drastic reduction and possible alteration of 
the 16-carbon isoprenoid side chain of a-tocopherol. Further purification 


TABLE [ 


Paper Chromatography of «a-Tocopherol, a-Tocopherylquinone, and Hydrolyzed Urinary 
Metabolite of Vitamin E 























Rp value 
Compound Per cent acetonitrile in developing solvent 
20 30 40 50 70 90 
a-Tocopherol............. 0 0 0 0 0.29 0.75 
a-Tocopherylquinone.....| 0 0 0 0 0.35 0.82 
Metabolite............... 0.60 0.74 0.83 a: 3 .° 8S. F 8. F 





Whatman No. 1 filter paper impregnated with silicone grease (14) was developed 
by the ascending technique with the concentrations of aqueous acetonitrile indi- 
cated. 

* Solvent front. 


and characterization of this compound had to await the discovery of a more 
lucrative source which permitted the accumulation of mg. quantities of this 
material. This work will be discussed in Paper II of this series (22). 


SUMMARY 


1. d-a-Tocopheryl-5-methyl-C-succinate was administered to young rab- 
bits by various routes, and its absorption and excretion were studied. 

2. Absorption from the gastrointestinal tract and from the subcutaneous 
site was low when an oily vehicle was used. 

3. Complete excretion of radioactivity after intravenous administration 
required 15 to 20 days. Urine contained 20 to 30 per cent and feces 70 to 
80 per cent of the radioactivity recovered from the excreta. 

4. The excretion pattern after subcutaneous injection resembled that ob- 
tained after intravenous administration, except for a delay of the maxima 
by 6 days. 
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3rown 5. Free a-tocopherol was found to comprise 40 to 50 per cent of the eth- 
anol-extractable fecal radioactivity after parenteral administration of the 
iS sys- | tracer dose. 

ons of 6. The bulk of the urinary radioactivity was shown to be a metabolic 
ve the | product of a-tocopherol. Evidence is presented that it may be conjugated 
with glucuronic acid. Some of its properties are discussed. 
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II. PURIFICATION AND CHARACTERIZATION OF 
URINARY METABOLITES OF a-TOCOPHEROL* 


By ERIC J. SIMON, ANNE EISENGART, LILA SUNDHEIM, 
anp ADE T. MILHORAT 


(From the Departments of Psychiatry and Medicine, Cornell University 
Medical College, the Russell Sage Institute of Pathology, 
and The New York Hospital, New York, New York) 


(Received for publication, October 25, 1955) 


Studies with d-a-tocopheryl-5-methyl-C"-succinate in rabbits demon- 
strated the presence of a conjugated metabolite of vitamin E in the 
urine (2). The product obtained on enzyme or acid hydrolysis, as well as 
the small amount of unconjugated metabolite excreted, had an ultraviolet 
absorption spectrum similar to that of a-tocopherylquinone. It was shown, 
however, to be considerably more polar in nature than the latter, suggesting 
that rather profound alterations in the structure of a-tocopherol may have 
taken place. 

Urines of humans ingesting large doses of dl-a-tocopherol were found to 
be a good source of a conjugated substance, which on hydrolysis showed 
spectroscopic, chromatographic, extraction and chemical properties identi- 
cal with those of the material obtained from rabbit urine. More careful 
study revealed that two metabolites, one neutral and the other acidic, but 
both with the same characteristic ultraviolet absorption spectrum (Fig. 1), 
were obtained on hydrolysis of human urine.! The purification and chem- 
ical characterizatfon of these metabolites as 2-(3-hydroxy-3-methyl-5-car- 
boxypentyl)-3 ,5,6-trimethylbenzoquinone and its y-lactone will be de- 
scribed. Neither of the metabolites nor the crystalline derivative of the 
lactone, the preparation and properties of which will be described, has pre- 
viously been reported in the literature. These structures should, there- 
fore, be considered tentative until definitive proof has been obtained by 
synthesis. 


* This work was supported by Muscular Dystrophy Associations of America, Inc., 
and by assistance from the Tall Cedars of Lebanon. A preliminary report of this 
work was presented at the 46th meeting of the American Society of Biological Chem- 
ists at San Francisco, April, 1955 (1). 

1The amount of acidic metabolite present in rabbit urine was so small that it 


originally escaped notice. It has since, however, been found to be present there as 
well, 
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EXPERIMENTAL 


Subjects and Administration—The subjects were persons who were either 
free from any known disease or had evidence of muscular wasting. During 
the periods of investigation the subjects were given daily oral doses of 3 to5 
gm. of dl-a-tocopherol in gelatine capsules. The urine was collected under 
careful supervision in 24 hour samples. 

Ultraviolet Spectra—Ultraviolet absorption spectra were determined in 
ethanol purified by distillation over solid potassium hydroxide and potas- 
sium permanganate, in silica cuvettes with a 1 cm. light path in a Beckman 
DU spectrophotometer. 











290 


230 250 


270 
> (MU) 
Fig. 1. Ultraviolet absorption spectra of the purified metabolites (Curve A) and 
of a-tocopherylquinone (Curve B). 


Infra-Red Spectra—The infra-red spectra were obtained on a Perkin- 
Elmer model 21 double beam spectrophotometer. Solvents and prisms 
used are indicated in Fig. 2.2 

Isolation and Purification—Urines (24 hour collections) were acidified to 
pH 1 and extracted continuously with ether for 48 hours. By the pro- 
cedures described previously for rabbit urine (2) residues from pooled ether 
extracts were hydrolyzed with 8-p-glucuronidase (Warner and Chilcott 
“ketodase’’), and the hydrolysis mixtures were extracted with petroleum 
ether. Considerable hydrolysis could also be accomplished by letting the 
wet ether extracts stand at room temperature for several days. Approxi- 
mately 15 to 30 mg. of crude metabolites per 24 hour urine specimen were 
obtained in the petroleum ether extracts. This mixture was separated into 
neutral and acidic fractions by extraction of the solution with aqueous so- 


? The authors are indebted to the Division of Steroid Metabolism at the Sloan- 
Kettering Institute for Cancer Research for carrying out the infra-red analyses, and 
to Miss Friederike Herling and Dr. Glyn Roberts for valuable help in the interpre- 
tation of the spectra. 
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dium bicarbonate. The major portion of material remained in the pe- 
» i troleum ether. The acidic material was recovered by ether extraction of 
net | the acidified aqueous solution. 
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Yhileott Fig. 2. Infra-red spectra of the metabolites, lactone (A) and hydroxy acid (B), 
and of the hydroquinone diacetate derivative of the lactone (C) from 4000 to 650 


troleum } ene 

ting the 

pproxi-} To avoid the acidification and ether extraction steps, enzyme hydrolysis 
en were! of fresh urine, adjusted to pH 4.5, was tried. It was found unsuitable as a 
ted into preparative procedure, however, since the products obtained were very 
20US 80+ 


crude and were found to be difficult to purify. 

e Sloan-| Further purification of the metabolites was followed by means of their 
yses, and} characteristic ultraviolet absorption (Fig. 1). The optical density at the 
interpre-} maxima (260 and 268 my) increased with purification, while end-absorption 
in the far ultraviolet region diminished rapidly. Both materials were puri- 
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fied by chromatography on a 120 X 20 mm. column of Florex XXS, pre- 
pared in ether, by using the gradient elution technique essentially as de- 
scribed by Moore and Stein (3). Tygon tubing is attacked by ether and was, 
therefore, replaced by polyethylene tubing. The mixing bottle (volume 
175 ml.) contained ether, while the reservoir contained a mixture consisting 
at the start of 7 per cent ethanol and 93 per cent ether. The crude metabo- 
lite (50 to 70 mg.) was placed on top of the column in a minimal volume of 
ether. The flow rate was 30 ml. per hour. 5 ml. fractions were collected 
in test-tubes in a Technicon automatic fraction collector. Recoveries of 
50 to 60 per cent of the material absorbing at 268 my were obtained. 

A more convenient method that results in better recoveries has since been 
devised. The procedure utilizes a silicic acid-celite (2:1) column prepared 
in isooctane and a developing solvent consisting of 90 per cent isooctane 
and 10 per cent ethyl acetate. The size of the column, the flow rate, and 
the method of collecting the fractions are the same as in the method de- 
scribed above. The well defined yellow band of metabolite can be followed 
visually in this system. Recovery of material which absorbs at 268 muy is 
essentially quantitative. Repetition of passage through either column does 
not appear to increase the purity of the product as judged by its ultraviolet 
absorption spectrum. The quantities of purified metabolites isolated per 
24 hour urine specimen ranged from 3 to 6 mg. for the neutral and from 0.5 
to 1 mg. for the acidic metabolite. The low recovery of the latter is due in 
part to destruction that occurred during its removal from the petroleum 
ether with sodium bicarbonate. 

Characterization of Metabolites—Both metabolites are yellow oils which 
so far have resisted all attempts at crystallization. They are slightly solu- 
ble in water and in aliphatic hydrocarbons and readily soluble in all other 
organic solvents tested. Both substances have been shown to be considera- 
bly more polar than a-tocopherol or any of its known oxidation products. 
In the paper chromatographic system of J. A. Brown (4) with 20 per cent 
acetonitrile in water as the developing solvent, a-tocopherol and a-tocoph- 
erylquinone remain at the origin. The R, of the neutral metabolite in this 
system is 0.60 and that of the acidic material is 0.85. These results sug- 
gested a reduction in size of the isoprenoid side chain. More conclusive 
evidence for this is represented by the molecular weight determinations 
(the Rast method with camphor as the solvent) and by the analyses.* For 
the neutral substance the empirical formula CisH2O,4 agrees best with the 
molecular weight of 267 (256 to 278)‘ and with the analytical results: 


CisH2oOy. Calculated, C 69.55, H 7.25; found, C 69.34, H 7.29 








3’ Analyses and molecular weight determinations were carried out by Dr. Carl 
Tiedcke, Teaneck, New Jersey. 

‘The molecular weights represent averages of four determinations with a range 
of values between the limits shown in the parentheses. 
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For the acidic material the molecular formula CisH2.0; is most consistent 
with the molecular weight of 315 (307 to 326) and with the analytical data: 


CisH2205. Calculated, C 65.31, H 7.48; found, C 65.22, H 7.18 


These empirical formulae suggest that 13 carbon atoms have been removed 
from the molecule of a-tocopherol during its metabolism. 

Both metabolites, after purification, exhibit the ultraviolet spectrum 
shown in Fig. 1. This spectrum is qualitatively identical with that 
of a-tocopherylquinone, and its molar extinction coefficient of 1.9 to 2.2 x 
10‘, based on the calculated molecular weights, is in the range of the best 
yalues reported for that of a-tocopherylquinone (5). On the assumption 
that the same chromophoric groups are responsible for these two spectra, 
the metabolites may be considered to be reasonably pure. This is con- 
firmed by the consistency of the analytical results and infra-red spectra of 
different samples obtained and purified by the methods described. 

The structures postulated for the metabolites are 2-(3-hydroxy-3-methyl- 


5-carboxypentyl)-3 ,5 ,6-trimethylbenzoquinone (I) and its y-lactone (II). 


CH yw CH 
CHs A? 4 CHs cHp-CHpC-OH CH, 
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Evidence for the various functional groups and the data on the preparation 
and properties of a crystalline derivative of the lactone will now be pre- 
sented. 

Evidence for Presence of Quinone Grouping—The ultraviolet absorption 
spectrum (Fig. 1) is characteristic of molecules containing the duroquinone 
(tetraalky] p-benzoquinone) group, e.g. duroquinone (6), dihydrovitamin K 
(7), and a-tocopherylquinone (5). Further evidence for the presence of a 
quinone grouping was afforded by the infra-red spectra (Fig. 2, Curve A 
and Curve B), which for both metabolites showed a C=O stretching band 
at 1644 em.—' (CCl), characteristic of a,8-unsaturated carbonyl groups 
(8). This band disappeared on reduction of the quinone. 

Evidence for Presence of Carboxyl Group in Acidic Metabolite—The acidic 
material can be extracted from organic solvents with aqueous sodium bi- 
carbonate which indicates a strongly acid group. Titration with 0.01 Nn 
sodium hydroxide in dilute aqueous ethanol with a Beckman pH meter 
gave a neutralization equivalent of 280 which is in good agreement with 
the calculated molecular weight and indicates the presence of one acid group 
per molecule. The pK of 4.9 is in the range of pK values usually observed 
for carboxyl groups. The carbonyl region of the infra-red spectrum of 
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this material (Fig. 2, Curve B) shows a band at 1710 cm.— characteristic 
of dimeric carboxy] groups and a weaker band at 1755 cm.—! due to the C=O 
stretching of monomeric carboxyl groups. The hydroxy region shows the 
broad band from 3500 to below 3000 cm.—! (CS,) typical of associated O—H 
stretching found in carboxylic acids (8, 9). 

Evidence for Presence of Saturated y-Lactone Ring in Neutral Metabolite~ 
The neutral metabolite is converted readily into the acidic material by 
warming with dilute aqueous sodium hydroxide. This conversion is ac- 
companied by considerable loss because of the instability of the metabolites 
in alkali. The acidic metabolite can be changed into the neutral one by 
standing for 24 hours with acetic anhydride. This ready interconversion 
suggested the presence of a lactone, anhydride, or ester grouping. This 
was confirmed by a positive hydroxamic acid test characteristic of com- 
pounds containing such “active acyl groups” (10). The test was quanti- 
tative in the best preparations, on the assumption that the color intensity 
of the hydroxamic acid-ferric ion complex is essentially independent of the 
types of groups attached to the hydroxamic acid group. The acidic me- 
tabolite did not give a positive test. 

The infra-red spectrum of the neutral metabolite (Fig. 2, Curve A) was 
found to differ profoundly from that of the acidic material (Fig. 2, Curve B) 
in the “finger print”’ region (1400 to 650 cm.—') and the other regions as well. 
The broad band due to associated O—H stretching was absent. The car- 
bonyl region again provided the most conclusive information. The 1644 
cm.~! band ascribed to the a,8-unsaturated carbonyl groups of the quinone 
was still present, but the 1710 cm.—! and 1755 cm. bands due to the car- 
boxyl group had been replaced by a band at 1780 cm.-'. Such a band has 
been found to be typical of saturated y-lactones (8, 9) and this band appears 
to rule out the presence of 5-lactones and esters, which generally absorb at 
1750 to 1735 cm.— (8, 9), anhydrides which have two bands at 1825 to 1800 
em. and at 1760 to 1748 cm. (9), a,6-unsaturated y-lactones, which 
show two bands at 1786 to 1780 cm. and 1757 to 1755 cm. (8), and 8,¥- 
unsaturated y-lactones which absorb near 1800 cm. (9). 

The absence of absorption at 220 my in the ultraviolet (Fig. 1) also makes 
unlikely the presence of an a,8-unsaturated lactone. Finally, unsatura- 
tion in the side chain is improbable because of the results of the analysis for 
hydrogen which would be decreased from 7.25 to 6.57 per cent by the re- 
moval of 2 hydrogen atoms. This difference is well outside of the limits 
of error for the analysis. 

Crystalline Derivative of Neutral Metabolite—Reductive acetylation of 
the lactone with zinc, sodium acetate, and acetic anhydride by the pro 
cedure of John and coworkers (5) and recrystallization from iso 
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octane yielded a white crystalline compound, m.p. 95-98°. Its proposed 
structure is that of the lactone of 2-(3-hydroxy-3-methyl-5-carboxypenty]) 


CH; ) 





I 
3,5,6-trimethylhydroquinone diacetate (III). Its molecular weight by 
the Rast method was 332 (319 to 343). 


CooH26Oc. Calculated. C 66.29, H 7.18 
Found. ** 65.90, ‘* 7.05 


The ultraviolet absorption spectrum of this compound is identical with 
that of a-tocopherylhydroquinone diacetate (Fig. 3), as expected, since the 








220 240 260 280 300 
WAVELENGTH (MJJ) 
Fig. 3. Ultraviolet absorption spectra of the hydroquinone diacetate derivative 
of the lactone (Curve A) and of a-tocopherylhydroquinone diacetate (Curve B). 





proposed structure would have the same chromophoric groups as the latter. 
The carbony] region of the infra-red spectrum (Fig. 2, Curve C) shows that 
the a,8-unsaturated C=O band at 1644 cm.—' (due to the quinone group) 
has disappeared. ‘The 1780 cm.—! band ascribed to the y-lactone C=O is 
still present and a new band at 1764 cm.— characteristic of enol acetates (8) 


has been introduced in agreement with the structure postulated for the de- 
rivative. 
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DISCUSSION 


The two metabolites isolated from human urine appear to be identical 
with those found in the urines of rabbits given d-a-tocopheryl-5-methyl-C“. 
succinate. The evidence indicates that in the rabbit these metabolites, 
predominantly in conjugated form, comprise approximately 90 per cent of 
the total urinary excretion products of a-tocopherol (20 to 30 per cent of 
the intravenous dose). No information is available yet for humans regard- 
ing either the fraction of absorbed a-tocopherol excreted in the urine or the 
portion of urinary products represented by these metabolites. If, in view 
of the large doses of a-tocopherol administered, we may assume a relatively 
low level of absorption from the gastrointestinal tract, the amounts of me- 
tabolites recovered from the urine represent a fraction of the absorbed vita- 
min E roughly comparable to the fraction of a-tocopheryl-5-methyl-C™. 
succinate excreted in the urines of rabbits (2). 

The relative amounts of lactone and hydroxy acid recovered may not re- 
flect accurately the actual ratio of these metabolites excreted in view of the 
destruction of some of the hydroxy acid during sodium bicarbonate extrac- 
tion’ and the possibility of interconversion during the isolation procedure. 
Experiments in which the enzymatic hydrolysis was carried out directly on 
fresh urine indicate that the lactone is not merely an artifact of storage and 
ether extraction of urine at pH 1, since considerable quantities of lactone 
were demonstrated in the petroleum ether extract by paper chromatography 
(4) and by spectral analysis after sodium bicarbonate extraction. More- 
over, when a sample of purified hydroxy acid was stored in aqueous solu- 
tion at pH 1 overnight and then extracted continuously with ether, no lac- 
tone formation was observed. 

The structures proposed for the metabolites suggest that the following 
changes have taken place in at least a portion of the absorbed a-tocopherol: 
opening of the chroman nucleus and oxidation to the quinone state, shorten- 
ing of the isoprenoid side chain by 13 carbon atoms, oxidation of the ter- 
minal methyl group of the shortened side chain to a carboxyl group, and, 
in the case of the neutral metabolite, lactonization of the carboxyl group 
with the tertiary hydroxy group formed as a result of the hydrolytic opening 
of the chroman nucleus. Another change, not evident in Structures I and 
II, is conjugation with glucuronic acid and perhaps to a lesser degree with 
other conjugating groups. The major portion of the urinary metabolites 
was excreted in conjugated form. The significance of these changes and 
the possible relationship they may bear to the alterations undergone by 


5 Both metabolites are unstable in alkali as a result of the presence of the quinone 
group. However, the lactone is not exposed to the destructive action of the alkali 
since it remains in the petroleum ether. 





x0 


x0 


ma: 
hye 
fro 


mu 
sis. 


ab 
for 


SIMON, EISENGART, SUNDHEIM, AND MILHORAT 815 


tocopherol in the formation of its metabolically active form are being in- 
J vestigated. 

dentical Work is in progress to determine the structures of the conjugated forms 
hy Lm of these metabolites. On the basis of the results of Hoskin et al. concerning 
abolites, the nature of the urinary excretion products of menadione (11), it is sug- 
cent of gested that the metabolites may be excreted as the corresponding hydro- 
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: opening} Susceptible to oxidation by air, forming the observed quinones rapidly. 

res Land| ‘The same metabolites were obtained from urines of normal humans as 
sree with} {fom those of patients afflicted with muscular disorders, such as progressive 
tabolites} Muscular dystrophy, myotonia dystrophica, and amyotrophic lateral sclero- 
nges andj 88. No conclusions regarding the relationship, or lack thereof, of vitamin E 
rgone by} ‘ muscular disorders can be drawn until quantitative data regarding the 
excretion of these metabolites become available and until more is known 
1e quinone} shout the relation of these excretion products to the biologically active 
the alkali tom of a-tocopherol. 
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A hypothetical scheme for the biological formation of the metabolites jg 
shown in Fig. 4. In the scheme the chroman ring is opened hydrolytically, 
and the hydroquinone is conjugated (Step 1). The terminal methyl group 
of the side chain is oxidized to a carboxyl group, and the resulting fatty acid 
is conjugated with coenzyme A (Step 2) and degraded by 8-oxidation (Step 
3). The termination of 8-oxidation 2 carbons short of completion may be 
explained by a nucleophilic attack by the hydroxy group on the acyl coen- 
zyme A to form the stable y-lactone, pushing out the coenzyme A molecule 
and thus terminating 8-oxidation (Step 4). This last reaction is analogous 
to the biological acylation of hydroxy or amino groups by acyl coenzyme A 
derivatives (12, 13) and is, furthermore, favored by the formation of the 
stable 5-membered ring. Subsequent hydrolysis of some of the lactone 
may account for the acidic metabolite. Evidence for the oxidation of ter- 
minal methyl groups of aliphatic hydrocarbons to carboxy] groups has been 
obtained by Bernhard and coworkers (14, 15), who injected deuterium- 
labeled aliphatic hydrocarbons into rats and found the label in the fat. The 
degradation of the side chain has an analogy in the conversion of the side 
chain of cholesterol to that of cholic acid (16). If the correct mechanism 


in this case involves steps analogous to Steps 2 and 3 of Fig. 4, terminatior. ; 


of B-oxidation 2 carbons short of completion is again observed. A different 
termination step must be postulated here, however, since the hydroxy group 
is missing. 


SUMMARY 


Two metabolites of a-tocopherol, largely in conjugated form, were found 
in the urines of humans ingesting large quantities of vitamin E. After hy- 
drolytic removal of the conjugating groups, the metabolites were purified 
and characterized. Chemical, spectroscopic, and analytical evidence is 
presented for the formulation of their chemical structures as 2-(3-hydroxy- 
3-methyl-5-carboxypentyl)-3 ,5 ,6-trimethylbenzoquinone and its y-lactone. 
A crystalline derivative of the lactone was prepared. A hypothetical path- 
way for the biological formation of the metabolites is discussed. 


Addendum—Since the proofs were received by us, we have obtained lactone in 
crystalline form. It crystallizes from 40 per cent ethanol as yellow glistening plate: 
lets. 
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A CARBON BALANCE ON GLYCINE AND GLUCOSE 
IN CAROTENE SYNTHESIS 


By C. O. CHICHESTER, T. NAKAYAMA, anv G. MACKINNEY 


(From the Department of Food Technology, University of California, 
Davis and Berkeley, California) 


(Received for publication, December 16, 1955) 


In a previous paper (1), we reported on the incorporation of the methyl- 
ene carbon of glycine in carotene in Phycomyces blakesleeanus and presented 
data suggesting that 6-aminolevulinic acid (ALA) had an effect similar to 
leucine in stimulating carotene production. We now present supplemen- 
tary evidence on the correctness of the data dealing with labeled glycine 
by completing a carbon balance with inactive glycine and labeled sugar, 
together with further experiments on ALA. 

We had shown earlier (2) that, in a medium composed of glucose and 
yeast autolysate, the glucose carbon, comprising 90 per cent of the available 
carbon in the medium, accounted for less than 40 per cent of the carotene 
carbon. Subsequently, we reported (3) that incorporation of the a-carbon 
of leucine was below the 5 per cent level from a medium where the source 
of nitrogen was a mixture of leucine and asparagine. 


EXPERIMENTAL 


Inactive Glycine and Randomly Labeled Sugar—A medium was prepared 
as before (1), consisting of glucose 8 per cent weight per volume, glycine 
0.25 per cent weight per volume, inorganic salts, and thiamine (6 mg. per 
liter). Prior to sterile filtration, about 200 uc. of randomly labeled glucose 
were added. Twenty-four plates, each containing 20 ml. of medium,' were 
then inoculated with 1 ml. of spore suspension and incubated for 10 days in 
an air-tight box through which CO>-free air was drawn. The effluent was 
passed through 0.1 Nn NaOH and the CO, precipitated as BaCO; and assayed 
for activity. 

After 10 days, the cultures were harvested, extracted, and saponified. 
Then the carotenoid extract was chromatographed and the 8-carotene sep- 
arated and crystallized (3) without carrier. 

The medium and carotene were assayed for activity as BaCO, after dry 
combustion. The specific activities are reported after appropriate correc- 
tions have been applied for self-absorption. 


1 We use here a liquid medium without filter paper or supporting Raschig rings. 
The earlier technique had enabled us to apply ionone or heptenone without spread- 
ing of the drop. It is, however, preferable to add ionone, when required, to a small 
piece of filter paper adhering to the under side of the Petri dish lid. 
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Results 


The specific activities of medium containing labeled sugar and of the 
carotene were determined in duplicate. The results for the medium were 
752 and 744, and for the carotene 725 and 720 c.p.m. per mg. of BaCO,. 
The activity of labeled CO. was as follows for the 0 to 4 day period and for 
each successive 24 hour period up to the 10th day: 680, 660, 760, 810, 840, 























TABLE | 
Derivation of Carbon Incorporated into Carotene 
Specific activities 
Label Per cent contributed 
Medium Carotene 
2-C-Glycine 347* 840* 2.92 
1-C-Glycine 440* 23* 0.06 
C**-Glucose 748 722 94.37 
REDS bl SLES SS PSE E LE Mera a Shc Lee ra eee ae ee re 97 .35 
* Data recorded earlier (see (1)). 
TaB_e II 


Effect of Streptomycin on ALA 























Carotene content Carotene concentration 

Mitsagen source Strepto- | Strepto- | Strepto- | Strepto- 

mycin mycin mycin mycin 

absent present absent present 
7 7 vy per gm. | y per gm. 

Asparagine, 0.25%...........20..0 00 eee ees 455 124 621 212 

“ 0.25% + leucine, 0.05% ....... 1120 319 1605 511 

~ 0.25% + ALA, 0.05%......... 873 295 1295 596 





875, 850 c.p.m. per mg. Unlike results with labeled glycine (1), the activ- 
ity remained relatively constant throughout the experiment. In conjunc- 
tion with previous data, a balance sheet may be computed (Table J), indi- 
cating the percentage of carbon drawn from the glycine and from the sugar. 
It is assumed that the thiamine carbon may be ignored, since its contribu- 
tion cannot exceed 0.01 per cent. 

Experiments with ALA—The effect of ALA as a stimulant of carotene 
synthesis was compared with that of leucine, in the presence and absence 
of Streptomycin, and its effect was evaluated under limiting conditions of 
nitrogen supply relative to the available sugar. 
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Cultures were grown as before, in liquid media, the details of the compo- 
sition being given in Tables II and III. The Streptomycin was added when 
indicated, to make a final concentration of 0.05 per cent, after the medium 
had been autoclaved. Cultures were harvested after 128 hours, and their 
carotene contents determined spectrophotometrically. 

In Table II are presented the amounts of carotene synthesized, and con- 
centrations per gm. of dry mycelium as affected by Streptomycin when 
grown in a medium containing 2.5 per cent glucose and nitrogen as indi- 
cated. 

In Table III, the results are given for asparagine-ALA and glycine-ALA 
mixtures in a 10 per cent glucose solution which shows the yields of dry 
matter and carotene. 

















TaBLeE III 
Effect of ALA on Carotene Production 
| ALA Dry matter | Carotene 
| 
| per cent | per cent gm. | Y | per gm. 
Asparagine | 0.20 0.1 0.270 | 470 1742 
| 0.20 0.05 0.295 455 1545 
0.20 0 0.317 289 915 
| 0.10 | 0.1 0.147 209 1410 
| 0.10 | 0.05 0.166 207 1248 
| 0.10 | 0 0.192 | 130.— | 676 
Glycine | 0.25 | Oo 0.754 1070 =| ~— 1415 
| 0.25 | 0.05 | 0.648 1290 | 1995 
DISCUSSION 


From the data in Table I, we have accounted for 97.35 per cent of the 
carbon in a medium of known composition. The remainder, 2.65 per cent, 
represents either experimental error or the maximal possible CO; fixation. 
Whichever this may be, 39 of the 40 carbons are accounted for, 38 of which 
are derived from the glucose, and 1.2 from the methylene carbon of glycine. 
While the mold preferentially selects the methylene carbon, this cannot 
represent more than a maximal contribution of 2 carbon atoms to the 
carotene molecule, even with allowance for a possible contribution from 
endogenous glycine. 

Glycine, therefore, probably does not provide a direct precursor, and the 
stimulation observed with ALA may also be indirect. If porphyrin and 
carotenoid syntheses are related, stimulation of the synthesis of one would 
necessitate a parallel effect on the synthesis of the other. 


XUM 








822 CARBON BALANCE WITH GLYCINE AND GLUCOSE 


SUMMARY 


When Phycomyces blakesleeanus is grown in a medium containing glucose 
and glycine as the major sources of carbon, the glucose contributes a total 
of 38 of the carbons of the carotene molecule, and not more than 2 can be 
derived from the methylene carbon of glycine. 

It is therefore deduced that neither glycine nor ALA is likely to furnish 
direct precursors for carotenoid synthesis, even though the mold preferen- 
tially selects the methylene carbon to the extent of a 2-fold enrichment over 
the medium. 


A grant received from the National Science Foundation is gratefully 
acknowledged. 
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CHEMISTRY AND PROPERTIES OF THE 3-ACETYLPYRIDINE 
ANALOGUE OF DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By NATHAN O. KAPLAN anp MARGARET M. CIOTTI 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, December 5, 1955) 


The DPNase from pig brain has been found to catalyze an exchange 
reaction between isonicotinic acid hydrazide and DPN to form the iso- 
nicotinic acid hydrazide analogue of DPN (1).! In a preliminary paper 
(2) we have reported that the pig brain DPNase catalyzed the formation 
of the 3-acetylpyridine analogue of DPN (APDPN) according to the fol- 
lowing equation, in which R represents the adenosine diphosphate ribose 
part of the DPN molecule: 


te) 
| 


oO re) re) 
l I | 
C—NH; C—CH; C—CH,; (“ \—C—NH; 
+ > +| | 
\ 
N N 


Nt 
| 


R R 
DPN “p acetylpyridine — APDPN + nicotinamide 


The 3-acetylpyridine analogue of DPN is of interest, since it has been 
shown that 3-acetylpyridine can act as an antagonist of nicotinamide in 
animals (3-5). It has also been recently demonstrated that the 3-acetyl- 
pyridine analogue of DPN is formed in the intact mouse after administra- 
tion of 3-acetylpyridine to leucemic mice (5). This analogue is the first 
pyridine-substituted analogue of DPN which has been found to be active 
ina number of dehydrogenase reactions (6) and also has been proved to be 
of value in studying enzymatic mechanisms. 

This paper compares the chemistry and properties of the 3-acetylpyridine 
analogue with that of DPN. 


* Contribution No. 137 of the McCollum-Pratt Institute, The Johns Hopkins 
University. Aided by grants from the American Cancer Society, as recommended 
by the Committee on Growth of the National Research Council, and grant No. C. 
274C from the National Cancer Institute of the National Institutes of Health. 

1The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
APDPN, 3-acetylpyridine analogue of DPN; DPNH, reduced DPN; APDPNH, re- 
duced APDPN;; Tris, tris(hydroxymethyl)aminomethane. 
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Materials and Methods 


Pig brain, beef spleen, and Neurospora DPNases were prepared as de- 
scribed previously (1, 7, 8). Yeast alcohol dehydrogenase was obtained 
from the Worthington Biochemical Corporation, the 3-acetylpyridine was 
purchased from the Nutritional Biochemicals Corporation and purified by 
fractional distillation (9), and the DPN used in these studies was obtained 
from the Pabst Laboratories, Inc. 


Results 


Preparation of APDPN—The analogue was prepared by using the pig 
brain DPNase. The reaction mixture contained 3200 units of the pig 
brain preparation (a unit is defined as the amount which will cause the 
splitting of 1 umole of DPN in 1 hour), 1.25 ml. of 10 m 3-acetylpyridine, 
2 gm. of DPN, 6.25 ml. of 1.0 m potassium phosphate (pH 7.5) with water 
to 150 ml. 

To follow the rate of reaction, aliquots were assayed with yeast alcohol 
dehydrogenase in alcoholic Tris as described previously.?, The reduced 
APDPN, as will be discussed below, has a maximal extinction at 365 mug 
(see Fig. 3, A). By measuring the 365:340 ratio, the levels of DPN and 
APDPN can be determined. The ratio for DPN is 0.71, whereas that of 
APDPN is approximately 1.40. Reduced DPN has no significant absorp- 
tion at 400 my, whereas the reduced analogue has a significant extinction 
at this wave-length (see Fig. 3, A). In Fig. 1, the course of APDPN 
formation from DPN is summarized, and both the change in the 365:340 
ratio and the increase at 400 are plotted. The usual conversion of DPN 
to the analogue is approximately 90 per cent. Maximal APDPN synthesis 
occurs within 2 to 3 hours. Prolonged incubation leads to a destruction 
of the APDPN, since acetylpyridine does not inhibit the cleavage of the 
analogue by the pig brain DPNase.* 

When maximal synthesis of APDPN is reached, trichloroacetic acid is 
added to make a concentration of 5 per cent, and the denatured protein 
is removed by centrifugation. The analogue is then precipitated with i 
volumes of cold acetone. This precipitate usually contains about 5 to 10 
per cent unchanged DPN. The DPN was destroyed by the addition of 
the Neurospora DPNase, which does not act on APDPN. This was ac- 
complished by dissolving the precipitate in 50 ml. of 0.1 N NaAc and adding 
12,000 units of the Neurospora enzyme. The DPN was completely de 


2 More yeast alcohol dehydrogenase is used in this assay than in the routine assay 
of DPN, since the rate of reaction of the APDPN is somewhat slower than that 0 
DPN (6). Usually 0.2 ml. of a 1:40 dilution of the enzyme is adequate to determine 
APDPN. 

3N. O. Kaplan and M. M. Ciotti, unpublished data. 
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stroyed in 60 minutes. The reaction mixture was then placed on a Dowex 
1 formate column as described by Kornberg and Horecker (10). The 
APDPN can be eluted from the column by using a mixture of 0.1 m formic 
acid plus 0.1 m sodium formate in the same manner in which DPN is eluted 
(10). After precipitating with 5 volumes of acetone, the analogue was 
washed with acetone and ether and dried. 800 mg. of APDPN were ob- 
tained; the purity of the compound based on adenine content was about 
90 per cent. No DPN could be detected by assay with the Neurospora 
DPNase, and no free or bound nicotinamide by the Hofmann degradation 
procedure outlined by Holman (11). 
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Fie. 1. APDPN formation by pig brain DPNase. In Curve A, E 365/340 refers 
to the ratio of increase in optical density at these two wave-lengths after addition of 
yeast alcohol dehydrogenase to aliquots of the reaction mixture described in the 
text; the time represents the period of incubation with the DPNase. Curve B repre- 
sents the change at 400 my in optical density after addition of yeast alcohol dehydro- 


genase to aliquots taken at different time intervals. See the text for further de- 
tails. 


Analysis of APDPN—3-Acetylpyridine was identified as a part of the 
analogue after cleavage with the pig brain DPNase. The 3-acetylpyridine 
can be separated from the other product of the cleavage (adenosine diphos- 
phate ribose) on a Dowex formate column. Adenosine diphosphate ribose 
is held tightly on a column, whereas the free acetylpyridine can be washed 
off the column. The 3-acetylpyridine can be determined by its absorption 
at 230 my (12). 

A second procedure to determine 3-acetylpyridine is by its dinitrophen- 
ylhydrazone. 3-Acetylpyridine reacts with the reagents of the Friede- 
mann-Haugen method (13) for the determination of keto acids. The 
rate of reaction of 3-acetylpyridine with dinitrophenylhydrazine is con- 
siderably slower than that of pyruvic acid. Hence it was essential to 
preincubate the dinitrophenylhydrazine with 3-acetylpyridine for a period 
The dinitrophenyl- 
hydrazone of 3-acetylpyridine has a maximum at 450 my, and, under the 
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conditions described above, it is possible to detect from 0.1 to 1.0 umole 
of 3-acetylpyridine. APDPN also reacts with dinitrophenylhydrazine, 
giving a product with a maximal absorption at 500 my which is higher 
than that obtained with the hydrazone of free 3-acetylpyridine (Fig. 2), 
On treatment of the analogue with the beef spleen DPNase (which 
liberates free acetylpyridine) a dinitrophenylhydrazone is obtained which 
is identical to that given by free 3-acetylpyridine.* The fact that free and 
bound acetylpyridines yield different hydrazones suggests that the change 
to a quaternary ring nitrogen has a pronounced influence on the ketone 
grouping of 3-acetylpyridine.> A summary of the composition of APDPN 
is given in Table I. 
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me 
Fig. 2. Spectra of the dinitrophenylhydrazone of APDPN, before and after 
treatment with the beef spleen DPNase. The curves represent 0.4 umole of APDPN. 
0.2 ml. of purified DPNase was added to liberate the acetylpyridine. The spectrum 
obtained after treatment with the DPNase is identical to that given by free acetyl- 
pyridine. 


Spectrum of Reduced APDPN—Fig. 3, A, compares the spectra of the 
reduced analogue with that of DPNH in the range between 290 and 420 
my. The spectrum was obtained with yeast alcohol dehydrogenase. As 
can be seen, the maximal absorption of the analogue is at 365 my as con- 
trasted to 340 mu for reduced DPN. The reduced analogue has a milli- 
molar extinction coefficient of 7.8 at 365 my as compared to the maximal 
coefficient of 6.3 for DPNH. An identical spectrum of the reduced ana- 
logue was obtained with reduction by hydrosulfite. Yarmolinsky and Colo- 
wick (14) have reported that the yellow intermediate formed in the hydro- 
sulfite reduction of DPN is not a half reduced derivative, but probably a 


‘ The beef spleen DPNase forms APDPN and can also split APDPN in the same 
manner as the pig brain DPNase. The beef spleen enzyme was used for liberating 
acetylpyridine because of its greater potency. 

5 DPN and nicotinamide do not react with dinitrophenylhydrazine. 
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sulfoxylate addition product of DPN with a maximum between 355 and 
360 my. APDPN also forms such an intermediate, which is intensely 
yellow and can be characterized by a distinct peak at 385 mu. 


TaBLe I 
Analysis of APDPN 














Component Found | Calculated* 
umoles per mg. pmoles per mg. 
3-Acetylpyridinef............... | 1.27 1.37 
Total DROSPUALS...............005. 2.66 2.74 
a 1.33 1.37 
MES ooo 45 coo Ss a Je sales AS 2.96 2.74 











* Calculated on the basis that the compound is 90 per cent pure. 

+ Determined as the dinitrophenylhydrazone. 

t Determined with the 5’-adenylic acid deaminase (21), after cleavage of the 
analogue by the snake venom pyrophosphatase (22). 

§ Determined by the orcinol procedure (23). 
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Fic. 3, A. Spectra of reduced DPN and reduced APDPN. Both compounds 


were obtained after reduction with ethanol and yeast alcohol dehydrogenase. B, 
absorption spectra of DPN and APDPN in 1m KCN. 





Reaction of APDPN with Cyanide—DPN reacts with cyanide to give a 
product with a maximal extinction at 325 my (15). APDPN also forms a 
compound with cyanide, which has a distinct peak at 340 my (Fig. 3, B). 
The reaction between APDPN and cyanide is much more favorable than 
the DPN-cyanide interaction. This is illustrated in Fig. 4; at pH 7.5 
with 0.003 m cyanide, there is almost no interaction of DPN with cyanide, 
whereas there is considerable reaction with APDPN under the same con- 
dition. The equilibrium constant of the DPN-cyanide reaction is 1 X 10-7; 
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the corresponding APDPN reaction is approximately 50 times greater 
(Table II). 

Reaction with Dihydroxyacetone and Bisulfite—APDPN forms addition 
products with carbonyl compounds such as dihydroxyacetone (16) as well 





as with bisulfite (15). The maximum of the DPN dihydroxyacetone com- 
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Fie. 4. Reaction of DPN and APDPN in 0.003 m cyanide, 0.1 m Tris (pH 7.5). 
The APDPN curve represents extinction at 340 mu, and the DPN curve extinction 








at 325 my. The total volume was 3 ml. 
TABLE II 
Equilibrium Constants of Reactions of DPN and APDPN 
Reaction DPN APDPN 
K M 

Cyanide addition*............. 1X 107 9 X 10-5 
Bisulfite EE, AR re eee 3 X 1077 3 X 10-5 
Dihydroxyacetone addition*. ... 3 X 107 1 X 10-5 
VWonst AMET... 66h. ci ccc ee 1.6 X 10-™ 3.0 X 107° 











*K = (DPNX)(Ht*t)/(DPN)(X). 
1 K = (DPNH) (acetaldehyde) (H*+)/(DPN) (ethanol). See the following paper 
(6) for the method by which the constant was obtained. 


plex is at 340 my and that of the corresponding APDPN complex at 350 
my. The DPN bisulfite product has a maximum of 325 mu as compared 
to a 340 my peak obtained with APDPN and bisulfite. In Table IT the 
equilibrium constants of the addition reactions of DPN and APDPN are 
compared. As is the case with the cyanide equilibrium, the APDPN addi- 
tion reactions with dihydroxyacetone or bisulfite have considerably more 
favorable equilibria than have the corresponding addition reactions with 
DPN. Table II also includes data taken from the following paper (6), 
which shows that the equilibrium with yeast alcohol dehydrogenase is also 
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more favorable for APDPN. The equilibrium constant for acetaldehyde 
formation is some 200 times greater with the analogue than with DPN. 
The data in Table II are strongly suggestive that the equilibria of the 
addition reactions are related to the oxidation-reduction potentials of the 
pyridine nucleotides. 

Reaction with Alkali—Dilute alkali is known to cleave the nicotinamide 
ribose link of DPN; APDPN is also split under the same conditions. In 
0.1 n NaOH, APDPN gives a reaction characterized by a sharp peak at 
330 mu. After standing in the 0.1 n alkali for 60 minutes, the peak is shifted 
toa 360 my maximum. At the end of this period, there is no detectable 
intact APDPN, as indicated by reaction with either yeast alcohol dehydro- 
genase or cyanide. 

DPN shows only a slight change in spectrum on the addition of 0.1 N 
NaOH. However, a definite new peak arises at 290 mu. The magnitude 
of the 290 my maximum is much lower than the corresponding 330 my peak 
obtained with APDPN. Furthermore, after 60 minutes the 290 my peak 
is absent; no DPN can be detected after this period. The significance of 
the changes in dilute alkali will be discussed elsewhere. 

DPN in the presence of strong alkali forms a product which possesses 
strong fluorescence (17). This fluorescent compound has been used to 
determine DPN (17). Under the same condition, however, APDPN does 
not give a fluorescent product. The difference in fluorescence in 5 N al- 
kali has been used to distinguish DPN from APDPN. 

Reaction with Methylethyl Ketone—The reaction of methylethyl ketone 
with DPN has been used as a basis for the fluorometric determination of 
DPN (18). In this procedure, APDPN gives about one-third of the 
fluorescence obtained with DPN. 


DISCUSSION 


APDPN has many properties similar to those of DPN in that it can be 
reduced, enzymatically or chemically with hydrosulfite, and also forms 
complexes with reagents such as cyanide, bisulfite, and dihydroxyacetone. 
The only other analogue of DPN which we have prepared to date that can 
be reduced enzymatically is the pyridine-3-aldehyde analogue. However, 
analogues of DPN containing pyridine, 8-picoline, or 3-methylpyridyl car- 
binol cannot be reduced either enzymatically or chemically or react to 
form addition products. The properties of some analogues of DPN are 
summarized in Table III. The details concerning these analogues will be 
published elsewhere. 

A comparison of the equilibrium constants of the addition reactions of 
DPN and APDPN is of interest, since these constants appear to reflect the 
potential of the pyridine nucleotides. The ratio of the constants APDPN 
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to DPN seems to vary with different reactions (see Table II). Whether 
this is due to experimental error or an inherent difference in structure of 
the products is as yet not clear. The addition reactions, nevertheless, ap- 
pear to be of value in approximating the potential of DPN analogues. 
APDPNH has a maximum at 365 my as compared to a 340 my peak for 
DPNH; the maximal extinction is also higher for the reduced analogue. 
These spectral differences may represent a greater tendency for conjuga- 
tion in APDPNH, since a greater shift to the visible and a higher maximum 
are usually associated with a conjugated phenomenon (19). It is possible 
that DPNH and APDPNH can exist in the following conjugated form. 


H H H H 
| cat | C—CH; 
6 O- and ’ 0- 
Nt Nt 
| | 
R R 
DPNH APDPNH 


The fact that a grouping such as C—CH, has a greater capacity to con- 
jugate with rings than does an amide group (20) would be in agreement 
with the spectral changes which we have observed. It is also possible that 
the conjugated form is the stable form in which DPNH exists; this stability 
may be related to the presence of the dipole structure. 


SUMMARY 

1. The isolation of the 3-acetylpyridine analogue of DPN (APDPN) is 
described. 

2. The reduced analogue (APDPNH) has a peak at 365 my with an ex- 
tinction coefficient of 7.8 X 10° sq. cm. per mole. 

3. APDPN reacts with cyanide, bisulfite, and dihydroxyacetone to form 
complexes which can be characterized by maxima at 340, 340, and 325 mu, 
respectively. The association of APDPN with these reagents is much 
more favorable than with DPN. 


4. The properties of APDPN and DPN are discussed with respect to 
their structural differences. 
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REACTION OF PYRIDINE NUCLEOTIDE ANALOGUES 
WITH DEHYDROGENASES* 
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(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, December 5, 1955) 


In the preceding paper (1), the properties of the 3-acetylpyridine analogue 
of DPN (APDPN)! have been described. The fact that the analogue can 
be reduced made it of value to investigate in some detail the enzymatic 
activity of this analogue. The present manuscript is the first of a series 
which deals with the enzymatic activity of pyridine-substituted DPN 
analogues. Data will be presented which demonstrate that not only does 
APDPN react with dehydrogenases, but in some cases actually reacts faster 
than DPN. Some information will be given on the pyridine-3-aldehyde 
analogue of DPN (Py3A1DPN), which also can be reduced enzymatically. 


Materials and Methods 


Coenzymes—APDPN was prepared as described in the preceding paper 
(1), and Py3A1DPN was prepared in the same manner as APDPN.? 
This analogue has a reduced band at 355 my, with an extinction coefficient 
of 7.5 X 10-* sq. cm. per mole. The ethyl nicotinate*® analogue was also 
prepared by the exchange reaction with the pig brain system; the reduced 
ethyl nicotinate analogue has a maximal absorption at 340 my and the same 
extinction at this wave-length as reduced DPN. APTPN was isolated in 
the same fashion as was APDPN, with the reaction between TPN and 
acetylpyridine in the presence of the pig brain enzyme. APTPNH, pre- 
pared either by hydrosulfite or enzymatic reduction, has the same maximal 


* Contribution No. 138 of the McCollum-Pratt Institute, The Johns Hopkins 
University. Aided by grants from the American Cancer Society, as recommended 
by the Committee on Growth of the National Research Council, and grant No. C. 
%74C from the National Cancer Institute of the National Institutes of Health. 

1 The following abbreviations are used: ADH, alcohol dehydrogenase; Py3A1DPN, 
pyridine-3-aldehyde analogue of DPN; DPN, diphosphopyridine nucleotide; 
APDPN, 3-acetylpyridine analogue of DPN; TPN, triphosphopyridine nucleotide; 
APTPN, 3-acetylpyridine analogue of TPN; DPNH, reduced DPN;; Tris, tris(hy- 
droxymethyl)aminomethane. 

2 Pyridine-3-aldehyde was obtained from the Aldrich Chemical Company, Inc. 

* Ethyl nicotinate was obtained from the Eastman Organic Chemicals Depart- 
ment, Division of the Eastman Kodak Company. 
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extinction at 365 my as does APDPNH. 
from the Pabst Laboratories, Inc. 
Enzymes—Yeast alcohol dehydrogenase was purchased from the Worth- 
ington Biochemical Corporation; horse liver alcohol dehydrogenase was 
crystallized by the procedure of Bonnichsen (2). The liver glutamic acid 
dehydrogenase was a crystalline protein which was prepared by Strecker’s 
method (3); Straub’s procedure (4) was used in obtaining a crystalline lactic 
dehydrogenase from beef heart, and the rabbit muscle lactic dehydrogenase 
was prepared by the procedure of Kornberg (5). 


TPN and DPN were obtained 
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Fig. 1. Rate of reduction of DPN and the analogues by yeast ADH. Reaction 
mixtures contained 0.3 umole of nucleotide in each case, 0.1 m Tris, pH 10, and 0.5 


M alcohol in a total volume of 3 ml. The reaction was started by the addition of 40 
y of crystalline yeast ADH. 





dehydrogenase was obtained by the method of Cori ef al. (6); crystalline 
yeast triosephosphate dehydrogenase was a generous gift of Dr. Gale Rafter 
and was prepared as outlined by Krebs et al. (7). The TPN isocitric de- 
hydrogenase was the partially purified preparation described by Grafflin 
and Ochoa (8). 


Results 


Reaction of Analogues with Yeast ADH—The comparative rates of 
reaction of several analogues of DPN with that of DPN are given in 
Fig. 1. APDPN reacts at approximately one-tenth the rate of DPN. 
Py3A1DPN reacts considerably more slowly than APDPN, being reduced 
at about 2 per cent of the DPN rate. The ethyl nicotinate analogue of 
DPN which can be reduced with hydrosulfite is not reduced in the yeast 
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tained } ADH system. The K,, for APDPN and for Py3A1DPN was found to 
be approximately the same as that of DPN. 
V orth- Although APDPN reacts at a slower rate than does DPN, the equilib- 
© Was rium is much more favorable for the reduction for APDPN than for DPN. 
ic acid 
cker’s o3b 
» lactic 
mene m | APDPN 
sphate ud 
O.IF 
DPN oid 
i 1 1 1 1 
10) _ 10 15 20 25 
TIME IN MINUTES 
Fic. 2. Reduction of DPN and APDPN at pH 6.6 by yeast ADH. The reaction 
mixtures contained 0.1 m phosphate (pH 6.6), 0.016 m ethanol, 200 y of either DPN 
or APDPN in a total volume of 3 ml. 40 of yeast ADH were added to initiate the 
reaction. EH represents the optical density change for DPN at 340 mz and for APDPN 
at 365 my. 
TABLE I 
Comparison of Equilibrium Constants Obtained with Yeast ADH for DPN and 
APDPN* at Different Hydrogen Ion and Ethanol Concentrations 
Ethanol Ht DPN APDPN 
u | u K K 
/ 14x 3.1 X 107 i 3.8 X 10-® 
teaction 16X10 | = 3.1.x 107 1.5 X 10-" 4.2 X 10-9 
and 0.5 33xX10* | 40x10 0.8 X 10 1.7 X 10-9 
ion of 40 16x10? | 4.0 10 1.3 X 10-4 1.2 X 10-° 
3.3 X 10-4 | 8.5 X 10-° 3.0 X 10-4 4.1 X 10-° 
‘stalline II 5c ogers sarc aid oss sed bra Raga eens 1.6 X 10-4 3.0 X 10-9 
» Rafter . . : 
: * The amount of DPN reduced at this hydrogen ion and ethanol concentration is 
tric de- too low to make an accurate calculation. 
Graffin 
This is illustrated in Fig. 2, where at a low ethanol level and at pH 6.6 
there is practically no formation of DPNH; however, a considerable reduc- 
tion of APDPN still occurs. Table I summarizes the data obtained for 
ates of} the yeast ADH equilibrium constants with DPN and APDPN. The 
‘iven in} average K with DPN was found to be 1.6 X 10™", a value in good agree- 
f DPN.} ment with that obtained by Racker (9). The average equilibrium con- 
reduced} stant found with APDPN was almost 200 times as great (3.0 X 107°). 
logue of ‘Almost an identical equilibrium constant was obtained when APDPNH and 
re yeast} acetaldehyde were the reactants. 
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This certainly indicates a significant difference in potentials between 
APDPN and DPN. Preliminary data with Py3A1DPN indicate that 
the potential of this analogue is close to APDPN. 

Reaction with Horse Liver ADH—APDPN reacts much faster with the 
horse liver ADH than does DPN (Table II). This difference depends on 
the concentration of ethanol; for example, at 0.01 m ethanol, DPN is re- 
duced at about one-third the rate of the analogue. As the concentration 
of ethanol is increased, the reaction rate with DPN decreases. However, 
elevating the alcohol concentration does not have as marked an effect on 
APDPN reduction; hence, at 2.5 m alcohol, the rate with the analogue is 
10 times as great as with DPN (see Table IT). 


pre 
wit 
cas 
rat 


TaBLeE II 


Effect of Alcohol Concentration on Rate of Reduction of DPN, APDPN, and 
Py8A1DPN by Horse Liver ADH 
The reaction mixtures contained 0.1 m Tris, 200 y of nucleotide in each case, and 
the alcohol concentrations indicated below. The reaction was started with 60 y of 
the crystalline liver enzyme. The values represent the rate expressed as micro- 
moles of nucleotide reduced X 1000 for the first 15 seconds of the reaction. 





Ethanol concentration DPN APDPN Py3A1DPN 
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Py3A1DPN reacts at a slower rate with the liver dehydrogenase than 
does DPN at low alcohol levels. Table II indicates that the concentration 
of ethanol does not influence the rate of formation of Py3A1DPNH and ac- 
tually at the higher levels of substrate the Py3A1DPN reacts more rapidly 
than DPN. It appears that the effect of a high level ethanol on the 
horse liver ADH is a complex phenomenon, and that factors other than 
protein denaturation are involved. It is of interest that, at low concentra- 
tions of ethanol (0.01 m), the rate with APDPN and Py3A1DPN is slower 
than at higher levels of substrate (0.1m). The ethyl nicotinate analogue 
of DPN is also inactive in the liver alcohol dehydrogenase system. 

In Fig. 3 is compared the affinity of the analogues with that of DPN for 
the horse liver ADH. The K,, for DPN was found to be 0.3 X 10~4 and 
that of APDPN 1.4 X 10~*. Py3A1DPN had a considerably lower affinity, ] 
as indicated by a K,, of 2.5 X 10~*. Although the analogues have higher | rea 


K,, values than DPN, the maximal rates are higher with the analogues. of 3 
Analogue Activity with Lactic Dehydrogenases—Representative curves are he 
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ween presented in Fig. 4 on the rate of reaction of APDPN and Py3A1DPN 
that with beef heart and rabbit skeletal muscle lactic dehydrogenases. In the 
case of the beef heart.enzyme, APDPN reacts at about one-tenth of the 
1 the rate of DPN. Py3A1DPN reacts at a considerably faster rate than 
1s on 120 
is re- APDPN 
ation 
100F 
ever, _ 
ct on so > /Py-3-AIDPN 
rue is 
lJ ee 
& 60P A DPN 
ita 
and 40r- 
4 
e, and 20F | 
60 + of 
micro- ! ! 1 1 
2 4 6 8 
— NUCLEOTIDE x 104 
Fia. 3. Effect of pyridine nucleotide concentration on the reaction rate of horse 
liver alcohol dehydrogenase. Reaction mixtures contained 0.003 m ethanol, 0.1 m 
Tris, pH 10, and varying levels of DPN or analogues. Reaction started with 60 y 
of the horse liver enzyme. ‘‘Rate’’ represents micromoles of nucleotide reduced 
times 1000 from 15 to 30 seconds after addition of enzyme. 
BEEF HEART RABBIT SKELETAL MUSCLE 
a A B 
e than o aon | 
ration a 
ra = 
ind ac- x 0.15 
‘apidly a4 
on the 2 
x than Z 0.10 
centra- 8 
slower Y 0.05 
ialogue 2 
= 
a: 4 or 
PN for 23 it 23 10 
4 and TIME IN MINUTES 
ffinity, Fig. 4. Rate of reaction of DPN and analogues with lactic dehydrogenases. A, 
higher | reaction mixture contained 0.1 m lithium lactate, 0.1 m phosphate, pH 9, and 200 y 
gues. of nucleotide in each case in a total volume of 3 ml. Reaction was started with 11 
-yegare | 7 of the beef heart enzyme. B, same as A, but with 23 y of rabbit skeletal muscle 
| lactic dehydrogenase. 
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APDPN with this enzyme and is reduced at one-third the rate of DPN, 
In contrast, APDPN reacts considerably more rapidly than does 
Py3A1DPN with the skeletal muscle enzyme, at a rate of about 60 per cent 
of DPN. The striking difference in the rates of reaction of the two ana- 
logues with the two lactic dehydrogenases appears to be of considerable 
significance, particularly since the two enzymes have been found to possess 
many similar properties. The K,, values for the two analogues are roughly 
the same as for DPN for both lactic dehydrogenases. 





0.4 


APDPN 


MMOLES COENZYME REDUCED 








| ] } | ] | ! 
Oo 15 30 45 60 75 90 105 120 


TIME IN SECONDS 
Fig. 5. Rate of reaction of DPN and analogues with beef liver glutamic dehydro- 
genase. Reaction mixtures contained 0.05 m phosphate, pH 7.6, 200 y of the glutamic 
dehydrogenase, and 0.5 umole of DPN or analogue in a total volume of 3 ml. Reac- 
tion was initiated with 0.3 ml. of 0.375 m glutamate. 








The equilibrium with the lactic dehydrogenases is again much 
more favorable for the reduction of APDPN than of DPN. Using the 
heart enzyme, we have found that K = ((DPNH)(pyruvate)(H+))/- 
((DPN*)(lactate)) = 1.2 X 10-", and K = ((APDPNH) (pyruvate) (H*))/- 
((APDPN*)(lactate)) = 2.7 X 10-. The constants are an average of 
a number of determinations at different hydrogen ion concentrations. 
Our value with DPN is slightly lower than that obtained by Racker (9). 
The equilibrium values, again, indicate the more positive potential of 
APDPN. 

Reaction of Analogues with Glutamic Dehydrogenase—Both APDPN and 
Py3A1DPN react at a faster rate with the liver glutamic dehydrogenase 
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than does DPN (Fig. 5). The curves in Fig. 5 were obtained with 0.03 m 
glutamate; when low levels of glutamate (1 X 10-* M) are employed, the 
rate is slightly faster with DPN. 

Reduction of the two analogues proceeds much further towards comple- 
tion than DPN does, when low amounts of glutamate are present. Fig. 6 
shows that with both APDPN and Py3A1DPN the reduction is almost 
stoichiometric with the added glutamate. The curves in Fig. 6, again, in- 
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Fia. 6. Relationship of glutamate concentration to DPN and DPN analogue 
reduction. Reaction mixture contained 0.05 m phosphate, pH 7.6, 0.5 umole of 
DPN or analogue, and 400 y of glutamic dehydrogenase in a total volume of 1 ml. 
Reaction was started with varying amounts of potassium glutamate as indicated in 
the graph. The values represent the final extent of the reaction. Solid triangle, 
DPN; open circle with dot, APDPN or Py3A1DPN. 


dicate the more favorable equilibrium for the analogues. For DPN, we 
have obtained an average K for the reaction’ of 0.61 X 10—%, which is 
close to the value reported by Strecker (3), and the K with APDPN was 
found to be approximately 1000 times greater (K = 0.56 X 10-°). This 
more favorable equilibrium is suggested by the data in Fig. 6, in which 
small levels of glutamate appear to be quantitatively oxidized by APDPN 
and PyZA1DPN. The ratio of the constant APDPN to DPN seems to be 
significantly different in the glutamic dehydrogenase reaction from that 
obtained for the alcohol or lactic dehydrogenase system. 


5K = ((DPNH) (a-ketoglutarate) (NH;+) (H*))/((DPN) (glutamate) (H,0)). 
In this calculation we have used the standard concentration of H,O as 1 m. 
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Reaction with Muscle and Yeast Triosephosphate Dehydrogenases—Fig. 7 
compares the activity of the analogues with DPN in the two triosephos- 
phate dehydrogenase reactions. It is of interest that APDPN reacts with 
both enzymes, whereas Py3A1DPN shows no observable activity, 
Py3A1DPN also markedly inhibits the reduction of DPN by 3-phospho- 
glyceraldehyde (see Fig. 7). Free pyridine-3-aldehyde has no effect on 
the formation of DPNH in either triosephosphate dehydrogenase system, 


MUSCLE YEAST 
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TIME IN MINUTES 
Fic. 7. Reduction of DPN and DPN analogues by muscle and yeast triosephos- 
phate dehydrogenases. Reaction mixtures contained 0.1 m sodium pyrophosphate, 
pH 8.5, 0.17 per cent sodium arsenate, and 4 y of muscle triosephosphate dehydro- 
genase or 16 y of yeast enzyme in a total volume of 3 ml. The reaction was started 
by adding 0.54 umole of phosphoglyceraldehyde. Curve 1, 500 y of DPN; Curve 2, 
500 y of APDPN; Curve 3, 500 y of Py3A1DPN;; and Curve 4, 500 y of DPN + 5007 
of Py8ZA1IDPN. 





Reaction of APTPN with TPN Isocitrate Dehydrogenase of Pig Heart— 
The rate of reduction of APTPN in the TPN isocitrate system is about 
one-fifth that of the natural coenzyme. APDPN is inactive with this 
TPN-specific enzyme. 

DISCUSSION 


It is evident from the results of this paper that the nicotinamide 
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ig.7 | group is not essential for DPN activity. Both APDPN and Py3A1DPN 
hos- | react with dehydrogenases; the rate of reaction of the analogue varies con- 
with | siderably with different enzymes. Although APDPN reacted with all 
vity. | the enzymes reported in this study, the analogue showed no detectable ac- 
pho- | tivity in the hexitol phosphate dehydrogenase from Escherichia coli (10). 
t on Comparison of the rates of reaction of APDPN and DPN with the horse 
tem. } liver and yeast alcohol dehydrogenases is of interest. APDPN reacts at 
approximately one-tenth the rate of DPN with the yeast system, whereas 
the analogue reacts at a faster rate with the liver dehydrogenase. The 
rate of reduction of DPN by the liver enzyme is diminished by high con- 
centrations of ethanol, whereas the rate with APDPN and Py3A1DPN 
does not change appreciably when the alcohol level is increased (see Table 
II). In the case of Py3A1DPN, it appears that higher concentrations of 
ethanol are required for saturation than with DPN or APDPN. The 
effect of alcohol concentration on the activity of the horse liver enzyme is 
not clear at present; however, it is possible that this phenomenon may be 
related to the substrate-coenzyme complex intermediate previously postu- 
lated for the ADH reaction (11). 

It is of interest that the affinities of the analogues for yeast ADH are the 
same as that for DPN. However, the analogues have lower affinities for 
the liver ADH. Although the K,, values are higher for APDPN and 
Py3A1DPN than for DPN, the rates at saturation levels are considerably 
faster for the analogues with the liver system. The reason for the above 
observations is certainly not clear, although it may be related to the finding 
ephos- | that the liver protein binds DPNH and the yeast enzyme does not (12). 
phate, | It is possible that the lower activity of DPN at saturation levels with the 
hydro- | jiver dehydrogenase is also connected to the binding mechanisms. 

a Py3A1DPN appears to act in most instances more slowly than either 
‘ 5007 DPN or APDPN. In the case of glutamic dehydrogenase, however, both 
APDPN and Py3A1DPN react at the same rate and faster than DPN at 
high concentrations of glutamate. It is of interest that Py3A1DPN is 
cart— 1 reduced more rapidly than APDPN by the beef heart lactic dehydrogenase, 
about whereas the skeletal muscle enzyme catalyzes a faster reduction of APDPN. 
h this The difference in response of the two analogues to the two lactic dehydro- 
genases suggests the possibility that subtle differences exist inthe mechanism 
of action or in the structure of the two proteins. Further studies are now 
in progress on the use of coenzyme analogues to determine differences in 
mechanism and structure of proteins catalyzing the same reaction. 

No detectable activity was found with Py3A1DPN with either the mus- 
cle or yeast triosephosphate dehydrogenases; APDPN was active with 
both enzymes. The inactivity of Py3A1DPN with the triosephosphate 
dehydrogenases may be particularly significant, since in all the other reac- 
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tions studied both APDPN and Py3A1DPN were active, although the 
degree of reactivity of the two analogues appears to vary with different 
dehydrogenases. Py3A1DPN is not only inactive in the triosephosphate 
dehydrogenase systems, but is also a potent inhibitor of DPN reduction, 
The inhibition appears to be competitive. 

The equilibrium constants obtained for yeast ADH and the beef heart 
lactic dehydrogenase with APDPN are 200 times as great as that obtained 
with DPN. However, APDPN in the glutamic dehydrogenase system gave 
a constant 1000 times as great as that with DPN. The reason for this 
discrepancy is not clear. We have not ruled out that the more favorable 
equilibrium with APDPN in the glutamic system is the result of secondary 
reactions involving ammonia (or the imino acid) with the coenzyme ana- 
logues. If we assume that the equilibrium values for ADH and the lactic 
dehydrogenases are the more accurate indicators of the comparative equi- 
librium between DPN and APDPN, the oxidation-reduction potential of 
the analogue can then be calculated as follows: 


5 K-APDPN 
AF® = RT -log Ki, Ky - K-DPN 


Therefore AF° at 30° = 3300 calories. Hence, the potential span between 
APDPN and DPN would be 3300/46,136 or 0.072 volt. By using an 
E’, value of —0.320 volt for the DPN-DPNH potential (given by Burton 
and Wilson (13) and Rodkey (14)), the potential of the APDPN-APDPNH 
system would be —0.248 volt. If the glutamic dehydrogenase constants 
are used, E’» for the analogue would be —0.226 volt. Since the values 
with the glutamic dehydrogenase may be erroneous, we would like to 
assign a value of —0.248 volt for the average standard potential of 
APDPN-APDPNH. The potential for the Py3A1DPN system appears 
to be quite close to the EH’) value of APDPN. The curves in Fig. 6 
suggest that, by using APDPN, glutamate can be determined quantita- 
tively with glutamic dehydrogenase. Preliminary studies in this labora- 
tory indicate that the more favorable equilibria obtained with APDPN 
make assay methods for lactate and ethanol, as well as glutamate, much 
more feasible than when DPN is the electron acceptor. The use of ana- 
ogues for the determination of various compounds will be described in 
detail elsewhere. 

DPN analogues substituted in the pyridine moiety also have been found 
to be of value in studying mechanisms of binding of coenzymes to dehydro- 
genases, in studies of electron transport, and in elucidating possible path- 
ways of oxidative phosphorylation. Further reports from this laboratory 
will deal with these topics. 
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the SUMMARY 

rent 1. A comparison of the activities of the 3-acetylpyridine and pyridine-3- 
hate | aldehyde analogues of DPN (APDPN and Py3A1DPN) with DPN in a 
tion. number of dehydrogenase systems is presented. 


APDPN reacts with yeast alcohol dehydrogenase at approximately 10 
eart per cent the rate of DPN ; Py3A1DPN reacts at a considerably slower rate. 
ined With horse liver alcohol dehydrogenase, APDPN and Py3A1DPN react 
gave more rapidly at saturation levels than does the natural coenzyme. The 
this K,, values for the two analogues are approximately the same as that of 
rable DPN with the yeast alcohol dehydrogenase. However, the affinities of 
dary the two analogues for the horse liver enzyme are considerably lower than 
ana- that of DPN. 
actic Py3A1DPN is reduced by beef heart lactic dehydrogenase at a faster 
equi- rate than APDPN, whereas with the same enzyme from rabbit skeletal 
ial of muscle the reaction is more favorable with APDPN. 

Both APDPN and Py3A1DPN react at faster rates than DPN with beef 
liver glutamic dehydrogenase. APDPN reacts with both muscle and yeast 
triosephosphate dehydrogenases; however, Py3A1DPN shows no measur- 
ween | able activity with these two dehydrogenases and is in fact a potent inhibitor 
gz an | of both enzymes. 
urton The acetylpyridine analogue of TPN (APTPN) reacts with the TPN 
PNH | isocitrate dehydrogenase system from pig heart at about 20 per cent the 
stants | tate of TPN. APDPN is inactive in this reaction. 
values 2. The equilibrium constant for APDPN is some 200-fold greater with 
ke to | yeast alcohol dehydrogenase and beef heart lactic dehydrogenase than 
ial of | With DPN. The equilibrium constant with glutamic dehydrogenase is 
ypears | @pproximately 1000 times more favorable for the reduction of APDPN 
Fig. 6 | over DPN. An average potential of —0.248 volt has been assigned to the 
ntitae | APDPN-APDPNH system as compared to an Ey of —0.320 volt for 
abora- | DPN-DPNH. The oxidation-reduction potential of Py3A1DPN appears 
DPN | to be close to that of APDPN. 
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THE FATE OF THE METHYL GROUP IN 2-METHYL-C*-AMINO- 
FLUORENE, INCLUDING STUDIES OF THE CARCINOGENIC- 
ITY OF 2-METHYL- AND 2-DIMETHYLAMINOFLUORENE* 


By ELIZABETH K. WEISBURGER, JOHN H. WEISBURGER, 
CLARENCE A. VELAT,{t anp HAROLD P. MORRIS 


(From the National Cancer Institute, National Institutes of Health, United States 
Public Health Service, Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, September 19, 1955) 


4-Dimethylaminoazobenzene and related compounds exert a powerful 
and specific carcinogenic action on the livers of rats (1). This effect de- 
pends to a considerable extent upon the presence of at least one methyl 
substituent on the amino nitrogen. Metabolic studies (2, 3) have shown, 
however, that dealkylation is an important step in the biochemical 
transformations of this class of compounds. On the other hand, 2- 
dimethylaminofluorene (2-Me.AF) as well as the dealkylated products 
2-methylaminofluorene (2-MeAF) and 2-aminofluorene (2-AF) all exhibit 
carcinogenic activity (4,5). It was, therefore, of some interest to investi- 
gate the metabolism of these compounds with special reference to the 
fate of the methyl group and the possible reversible conversion of the 
tertiary and secondary alkyl amine to the primary amine. The study 
was carried out in normal rats by using 2-methyl-C-aminofluorene (2-Me- 
C'-AF) to. trace the methyl carbon atom. Parallel experiments were 
performed in riboflavin- and pantothenic acid-deficient rats to determine 
the effect of lower cofactor levels on the metabolic conversion of the 
methyl group, and thereby gain information on the mechanism of the re- 
action. 

Incidental to these biochemical studies, the carcinogenic effects of 2- 
MeAF and of 2-Me.AF were reexamined in Buffalo strain female rats. 
Contrary to the results reported by previous investigators (4, 5), an ap- 
preciable yield of hepatomas was obtained. 


Materials and Methods 


The metabolic studies were undertaken with 2 to 3 month-old female 
Buffalo rats. Some animals were placed on a complete diet, and some on 
vitamin-deficient semisynthetic diets, as follows: vitamin-free casein 


* Presented in part at the annual meeting of the American Society of Biological 
Chemists at Atlantic City, April, 1954 (Federation Proc., 18, 319 (1954)). 
} Present address, Providence Hospital, Detroit, Michigan. 
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(Labco) 360 gm., cerelose 390 gm., modified McCollum No. 185 salt mix- 
ture 45 gm., lard (fortified with vitamins A and E) 10 gm., lard 190 gm., 
and choline 5 gm. A vitamin mixture, consisting of folic acid 10 mg., 
biotin 1 mg., pyridoxine hydrochloride 20 mg., thiamine 40 mg., riboflavin 
10 mg., niacin 200 mg., and calcium pantothenate 140 mg., was added to 
a portion of the cerelose prior to incorporation in the diet mixture. Omis- 
sion of the riboflavin or calcium pantothenate from the mixture gave the 
corresponding deficient diets. Signs of severe riboflavin or pantothenic 
acid deficiencies were present in 7 to 9 and 12 to 15 weeks, respectively. 

2-Me-C-AF was obtained from Dr. F. E. Ray (6). The radioactive 
compound was fed by stomach tube in a 0.4 Nn hydrochloric acid solution 
containing a few drops of ethanol at a level of 10 mg. per 100 gm. of body 
weight. The animals were kept in glass metabolism cages designed to al- 
low separate collection of respiratory COs, urine, and feces. Food and 
water were available ad libitum. At the end of 72 hours, the animals were 
sacrificed under ether anesthesia by withdrawing blood from the abdominal 
aorta into a heparinized syringe. The organs were removed and dried in 
vacuo prior to the determination of radioactivity by combustion. 

The carcass and an aliquot of the fresh liver were homogenized with 
ethanol in a Waring blendor. Choline was determined in the ethanol ex- 
tracts of the minced carcass or liver. By the procedure of du Vigneaud 
et al. (7), choline was isolated as the reineckate. The choline reineckate 
was decomposed and the choline precipitated as the phosphotungstate, 
which was recrystallized from 50 per cent ethanol to constant specific 
activity. The crude protein residue from the ethanol extractions was 
treated as described by Miller et al. (2) for serine determination. Aniline 
was used to remove excess HCl from the protein hydrolysate (8) and 
the serine crystallized to constant specific activity from water-ethanol. 
The purity was checked by chromatographing a sample on paper with 
the solvent system ¢éert-butanol-formic acid-water, 70:15:15 volume per 
volume. The serine and choline were degraded to formaldehyde or tri- 
methylamine, rspectively, by the standard procedures (7, 9) and the radio- 
activity of these fragments was determined. Creatinine was isolated as 
the picrate from the urine and crystallized to constant specific activity 
as potassium creatinine picrate. 

Urines of all the rats were chromatographed on paper in the three differ- 
ent solvent systems described earlier (10), and autoradiographs were made 
of the developed chromatograms. 

The excretion of unchanged 2-Me-C™-AF in the urine was determined 
by carrier isotope dilution methods. In a typical experiment, 0.5 to 1.0 
ml. of urine containing 300,000 to 500,000 c.p.m. was added to 200 to 230 
mg. of unlabeled MeAF dissolved in 5 ml. of 0.4N HCl. After mixing, the 
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mix- free amine was precipitated with ammonium hydroxide. The amine was 
gm., chromatographed in benzene solution on an alumina column, then re- 
mg,, crystallized five times as the hydrochloride from ethanol-ether. After con- 


lavin | version to the free amine, the compound was allowed to react with 3,5- 
1d to | dinitrobenzoyl chloride in benzene solution to yield the corresponding crude 
\mis- | amide, m.p. 163-164°. This derivative was chromatographed in benzene 
e the solution on an alumina column and recrystallized from ethanol three times 
henic to give yellow needles, m.p. 166-168°. 


7 Cai:Hi;0;5N3. Calculated, C 64.78, H 3.88; found, Cc 64.96, H 3.86 

ctive 

ution The specific radioactivity per millimole of the material was determined 
body | at each step by plating an aliquot on glass disks until constancy was 
to al- achieved in three successive operations. The amount of labeled compound 


| and | present in the original urine sample was then calculated from this specific 
were activity and the amount of unlabeled carrier used. 
minal The possible presence in the urine of 2-Me:AF produced by methylation 
ied in | in vivo of 2-Me-C-AF was similarly investigated by carrier isotope dilu- 
tion. After chromatography on alumina and nine recrystallizations from 
with | dilute ethanol, the specific activity of the compound decreased at each 
ol ex- | step and finally reached zero. ; 
neaud The excretion of the demethylation product of 2-MeAF, 2-AF, in the 
kate | urine was determined by the use of colorimetric methods (11). 
state, Determinations of Radioactivity—Tissues, feces, and other dry samples 
yecific | were converted to CO. by wet combustion (12) and counted as duplicate 
s was | BaCO; plates. Liquid samples or dilute solutions were plated directly on 
niline | glass disks; suitable correction factors to convert counts of direct plates to 
) and | those obtained by combustion were determined on representative samples 
hanol, | and applied to all direct plates. Counting was carried out in a windowless 
- with | gas flow counter with a 48 per cent efficiency for CC. Samples with a very 
ne per | low radioactivity were counted by a Robinson type windowless counter 
or tri- | (13) which had a background counting rate of 3.8 to 4.0 ¢.p.m. 
radio- The carcinogenic studies were carried out in three experiments, each con- 
ted as | taining eighteen female Buffalo strain rats 23 to 3} months of age at the 
stivity | start of the experiment. The animals were housed individually in raised 
screen bottom cages and had access to a mixed diet of natural foodstuffs! 
differ- | and tap water at all times. The chemicals 2-MeAF, 2-Me.AF, and 2- 
»made | acetylaminofluorene (2-AAF) were incorporated into the diet at a level of 
250 mg. per kilo of diet, or at 1.23, 1.20, and 1.12 mmoles per kilo of diet, 
‘mined 1 The diet was composed of the following constituents in per cent by weight: com- 
to 1.0 | mercial casein 3.00, skim milk powder 22.75, whole wheat (hard spring) meal 60.52, 


to 230 yeast 1.00, whole liver powder (Wilson) 1.00, NaCl 1.40, iron citrate 0.13, cod liver 
ng, the oil 2.00, corn oil 5.20, propylene glycol 3.00. 
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respectively. The 2-AAF-containing diet was intended to serve as a posi- 
tive control. The rats were maintained on their respective diets until they 
developed visible tumors or until death appeared imminent, at which time 
a careful autopsy was performed. The tissues were fixed in Zenker’s formol 
solution and subsequently stained by hematoxylin and eosin. 


EXPERIMENTAL 


Studies in Metabolism; Distribution of Radioactivity in Normal Animals 
—Rats on the control diet excreted 54 per cent of the carbon 14 from the 
administered 2-Me-C™-AF in the respiratory carbon dioxide in the 72 hour 
experimental period (Table I). Of this, 46, 6, and 2 per cent were excreted 
on the Ist, 2nd, and 3rd day, respectively. The specific radioactivity 
of the barium carbonate derived from the expired carbon dioxide was 
highest in the 6 to 8 hour period and dropped off markedly after 24 
hours. The urinary activity followed a similar course, a total of 22 per 
cent of the dose being eliminated in that manner. Radioactivity was 
found in all the organs analyzed. 

Radioactivity was present in the choline and serine isolated from the 
carcass and the liver (Table II) and in the urinary creatinine. Degrada- 
tion of the choline samples showed that 60 and 26 per cent of the C™ was 
located in the trimethylamine portion of carcass and liver choline, respec- 
tively. Degradation of the pure serine indicated that 98 to 103 per cent 
of the C™ was incorporated in the 6 position of this amino acid. 

Solvent system A yielded the best separation of the complex mixture of 
urinary metabolites on the paper chromatograms. The autoradiographs 
showed intense spots with Ry values of 0.04, 0.12, 0.21, 0.25, and 0.49; 
other spots appeared at 0.30, 0.44, 0.64, 0.70, 0.82, 0.91, and 0.97. The 
last spot corresponded to that obtained with unchanged 2-Me-C"-AF. 
Solvent system B or C gave a more reliable indication of the relative 
amounts of 2-Me-C"-AF in comparative experiments since this compound 
alone moved near the solvent front; other metabolites had low Ry values 
or did not move at all. Thus, the unchanged compound appeared on the 
chromatograms of a urine sample collected in the first 24 hour period. 
However, only a trace of 2-Me-C"-AF was present in urine obtained during 
the 2nd day. 

Carrier experiments showed that only a minor amount, approximately 
3 per cent of the urinary radioactivity collected on the Ist day, was due to 
2-Me-C"'-AF. Similar carrier experiments with 2-dimethylaminofluorene 
gave a product counting within background rates which indicated that, if 
2-MeAF is further methylated in vivo, the product is not excreted in the 
urine. 

An aliquot of the urine collected on the Ist day contained 455,000 c.p.m. 
per ml., equivalent to 737 y of 2-Me-C™“-AF. Colorimetric analysis for 
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diazotizable material gave the equivalent of 30 y per ml. of free 2-AF, 
which thus accounted for 4.1 per cent of the urinary metabolites.” 


TaBLeE I 
Distribution of Radioactivity 72 Hours after Single Oral Dose of 
2-Methyl-C*-aminofluorene in Normal, Riboflavin-Deficient, 
and Pantothenic Acid-Deficient Rats 














Per cent of dose administered 
Normal* Riboflavin-deficientt | Panto- 
thenic 
acid-de- 
Average Average} ficientt 
Eo) 55 53 54 30 31 31 52 
ES cutee Gets ates cn ea oe 19 24 22 44 46 45 21 
ESE AS ee ee ee ee 12 12 12 4.2} 3.9] 4.1] 7.9 
SE ety eee 4.6| 5.4] 5.0] 3.4] 2.5] 3.0] 5.0 
Gastrointestinal tract + contents§..| 2.4] 4.0] 3.2] 4.5] 2.9] 3.7] 3.1 
NOE MUNI ois od. 5 oud ntb s0ties.00. 6s 5.7| 5.4] 5.6] 3.5] 4.0] 3.8] 6.7 


























* The results with two animals administered 3.27 and 1.41 X 10’ c.p.m., respec- 
tively. 


t The results with two animals administered 3.03 and 1.21 X 10’ c.p.m., respec- 
tively. 

t Radioactivity of one deficient rat administered 2.54 X 10’ ¢.p.m. 

§ Stomach, small intestine, large intestine, cecum. 

|| Bladder, blood, brain, heart, kidney, liver, lungs, spleen. 


TaB_e II 
Incorporation of Radioactivity from 2-Me-C'*-AF into Choline and Serine 





Normal rat Riboflavin-deficient rat 





Per cent of dose|Specific activity|Per cent of dose|Specific activity 

















ee 0.13 580 (92)* 0.098 410 (93)* 
Gerenas GMONGS.. 2... kos c cee 0.11 820 (61)* 0.035 330 (42)* 
SNVOPr OOTIMBT. . o.oo cee 0.53 200 0.200 110 
Carcass serinef................ 0.83 | 20 0.77 16 





Specific activity is stated in counts per minute per mg. of compound. 
* Carrier choline hydrochloride was added after the isolation of choline reineckate 
prior to the recrystallization steps. The amount added is indicated in parentheses. 


} 225 mg. of pu-serine carrier were added to 300 mg. of crude protein prior to hy- 
drolysis. 


Distribution of Radioactivity in Pantothenic Acid-Deficient Animals—The 
distribution and excretion data are given for only one pantothenic acid- 


? Detailed colorimetric studies on the metabolism of 2-MeAF and 2-Me2AF have 
recently been reported by Dyer (14). 
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deficient rat because it was difficult to secure survival of a rat for the re- 
quired time of 72 hours after a dose of 2-MeAF in a severely deficient 
animal. The signs of the pantothenic acid deficiency appeared suddenly 
and the resistance of the treated animals decreased rapidly, so that death 
often occurred before the entire experiment could be concluded. How- 
ever, the initial rate of radioactivity excreted in the urine and exhaled as 
COs, as well as the chromatograms of the urines collected in two partial 
runs, supports the results described for the single rat. 52 per cent of the 
radioactivity was exhaled in 72 hours, with 43, 6, and 3 per cent being 
found after 1, 2, and 3 days, respectively. The specific activity of the 
CO: was highest between 6 and 9 hours. The urine accounted for 21 per 
cent of the dose, and contained 14.6, 4.1, and 2.7 per cent, respectively, in 
the 3 successive days. The chromatograms of the urine showed the same 
number of spots with identical Ry values as those of the normal animals, 
Hence, this deficiency did not affect the metabolism of 2-MeAF. 

Distribution of Radioactivity in Riboflavin-Deficient Rats—In this case 
also some difficulty was experienced in keeping the animals on the deficient 
diet alive for the 3 day experimental period after administration of the 
carcinogen. The results listed in Table I are averages obtained with two 
animals. Further data derived from three incomplete runs with other rats 
on a deficient diet support these results. In 1, 2, and 3 days, 23.5, 5, and 
2.5 per cent respectively of the dose, or a total of 31 per cent, was expired 
as carbon dioxide, while the urines accounted for 37, 6, and 2 per cent, ora 
total of 45 per cent. A large portion of this radioactivity was due to ex- 
cretion of unchanged 2-Me-C"™-AF, as indicated by the intense spot with 
an R, value corresponding to this compound on the autoradiographs of 
the chromatograms in three solvent systems and by carrier isotope dilu- 
tion experiments. In the first 24 hour period, 28 per cent of the urinary 
activity was associated with 2-MeAF, as compared to 3 per cent in normal 
rats. 

Thus, the increased excretion of unchanged 2-MeAF, the lowered exhala- 
tion of radioactive carbon dioxide, the decreased activity (Table I) in the 
organs and carcass, and the appreciable decline in the specific and total 
activity of the serine and choline (Table II) indicated that riboflavin de- 
ficiency diminished the ability of the rat to demethylate the carcinogen. 

Studies on Carcinogenicity—2-MeAF was fed for the entire experimental 
period averaging 11.7 months. 2-MeAF was administered for an average 
of 11.6 months, but the animals were continued on the control diet 3.5 
months longer. The carcinogen intake (Table III), calculated from in- 
dividual food consumption, varied because of differences in food intake 
and survival time. Survival was longer and there was a greater increase 
in weight for both groups receiving the methyl derivatives than for the 
animals fed 2-AAF. 
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Under our conditions, 2-MeAF and 2-Me2AF produced multiple tumors 
it points distant from the portal of entry (Table IV). With 2-MeAF, 
}Me.AF, and 2-AAF, fourteen of sixteen, fourteen of seventeen, and six- 


TaBLeE III 
Average Body Weight and Carcinogen Intake 





; | | 
Period of | 


























| Av daily intake, | A 1 intak 
—— |No. of rats surviving —- —_ | img, Berio ‘ per rat cumulative 

2-MeAF 

1-40 | 13 | 195 12.2* 666 

41-50 9 | 223 12.4 860 

51-60 | 6 234 10.8 1038 

61-75 | 1 249 9.6 1298 
2-Me2,AF 

42 | 15 a el ae 748 

43-54 13 236 | 10.3t | 850 

ae 5 | 246 | 10.0¢ 1060 

2-AAF 

1-33 17 187 12.1* 522 

34-40 8 | 216 10.7 634 

41-50 3 212 10.3 787 








* Continuous ingestion. 
t Alternate ingestion of 2-Me2AF at weekly intervals. 


Intake values are based on 
ie weeks in which 2-MezAF was ingested. 


TaBLe IV 


Distribution and Frequency of Tumors Induced in Female Rats 
by Ingestion of 2-MeAF and 2-Me.AF 























Site and frequency of tumor formation* 
Compound | F <n am 

| Breast | Liver p a Uterus = Adrenal = | Pituitary 
2-MeAF | No. of tumors 18 8 | 6 1 1 1 1 (Sarcoma) 

| 7 9 8 5 1 1 
2-Me:AF | ‘* ‘* tumors 15 9 | 2 2 2 

1 ht ee 11 9 2 2 2 
2-AAF ‘« « tumors 25 12 5 

‘* rats | 16 12 4 

















* All the tumors except one 
amination of the tissues. 


mammary tumor were verified by microscopic ex- 
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teen of sixteen rats were tumor-bearing. Bielschowsky and Bielschoy he in 
sky (4) found no liver tumors in female rats in the experiments with theund ¢ 
methyl derivatives, while only a low incidence of liver tumors was obtajnesion 2 
in the male pie-bald rats of the Sheffield strain. In addition, Miller ef g in the 
(5) found no liver tumors in either male or female rats fed 2-Me2AF for gaormé 
months and kept on a control diet 2 months longer. The Buffalo strain ¢,\ a ! 
rat used in our laboratory is somewhat resistant to the development of protei 
liver tumors by 2-AAF (15). Therefore, the induction of liver tumors byisse CO 
2-MeAF and 2-MesAF in approximately 50 per cent of our female ratslecord 
seems all the more significant. 


DISCUSSION 





is attached to an aromatic amino nitrogen. Furthermore, both compo 
are carcinogenic to the liver, although 2-MeAF is not exclusively so. 


genic only to the extent that methylation occurs (16), whereas 2-aminohary 1 
fluorene is a potent carcinogen which affects a number of tissues. 4. ] 

Our experiments show that further methylation of 2-MeAF appeansf 2-) 
somewhat unlikely as 2-Me2AF was not excreted in the urine. This isi 
contrast to the easily reversible methylation of 4-methylaminoazobenzen 
to form 4-dimethylaminoazobenzene (17). Correspondingly, 2-MeAF i 
not present in the urine of rats fed 2-acetylaminofluorene-9-C™, altho 
2-AF is obtained (18). 

The occurrence of radioactivity in the §-carbon of liver and care 
serine, in the methyl and ethanolamine parts of choline, and in urin 
creatinine suggests that the pathway of the methyl carbon of 2-Me 
leads to formaldehyde or related 1 carbon compounds (19) similar to t 
of the methyl group of 4-methylaminoazobenzene. However, there is 














striking difference between the effect of a low riboflavin level on the dl. Mil 
methylation of an azo dye, as described by Miller et al. (2), and our fini ca 
ings on the demethylation of 2-Me-C'*-AF. In our experiments the rh 
spiratory radioactivity and the activity incorporated in the serine 1 
choline in deficient rats were considerably lower than in normal animal. Bie 
In contrast, Miller et al. (2) found an increase in the radioactivity excretép- Mil 
in the CO: and incorporated into the serine with riboflavin-deficient 5, 
fed 3’-methyl-4-dimethyl-C'-aminoazobenzene. ma 


Our results clearly indicate that the vitamin deficiency actually inhibit 
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ielschoy be initial reaction in the sequence of steps from 2-MeAF to serine, choline, 
with theand carbon dioxide, since the chromatograms as well as the isotope dilu- 
obtaineion analysis demonstrated a considerable excretion of unaltered 2-MeAF 
iller ef gt a the urine of the animals on a deficient diet as compared to those on a 
oAF for guormal diet. Thus, the enzyme system carrying out demethylation may 
strain ,\¢ @ flavoprotein, or the reaction could be indirectly coupled to a flavo- 
pment of rotein as suggested by La Du et al. (20). An earlier case of a demethyl- 
umors by\se containing flavin-adenine dinucleotide as a prosthetic group has been 
male ratsecorded by Moritani et al. (21) and Hirohata (22). 







SUMMARY 


1. The respiratory carbon dioxide, urine, and feces, collected over a 72 
of radiojiour period, accounted for 54, 22, and 12 per cent, respectively, of the 
liver carjsdioactivity from 2-methyl-C*-aminofluorene administered to normal rats. 
14_AF greliboflavin deficiency altered this distribution to 31, 45, and 4 per cent, 
ncidentalfespectively, while pantothenic acid deficiency had no appreciable effect. 
kyl group} 2. Liver and carcass serine and choline and urinary creatinine were 

ompo jioactive. The specific radioactivity of serine and choline was lower in 

y so. Qnpboflavin-deficient than in normal animals. 

is carcino] 3. Unchanged 2-Me-C™-AF accounted for 3 and 28 per cent of the uri- 

| 2-aminofary radioactivity in normal and riboflavin-deficient rats, respectively. 

4, Evaluation of the effect of dietary conditions on the demethylation 

* appeansf 2-Me-C'4-AF leads to the tentative conclusion that a flavin cofactor 
This is iplays a réle in this reaction. 

zobenzenj 5. 2-Dimethylaminofluorene, a potential metabolite of 2-Me-C“-AF, was 

-MeAF igot present in the urine. A diazotizable amine amounted to about 4 per 
nt of the urinary metabolites excreted in 24 hours. 

6. Multiple tumors, including hepatomas, were induced in Buffalo strain 

male rats by feeding 2-methylaminofluorene, 2-dimethylaminofluorene, 

d 2-acetylaminofluorene at a level of 0.250 gm. per kilo of diet over 7.5 
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PRECURSORS OF THE FOLIC ACID-ACTIVE 
FACTORS OF BLOOD* 


By GERRIT TOENNIES, EARL USDIN, anp PHOEBE M. PHILLIPS 


(From the Lankenau Hospital Research Institute and the Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, December 15, 1955) 


We have previously (1) shown the presence of relatively high folacin- 
like activity (for Lactobacillus casei) in dialysates obtained from human 
blood. It will now be shown that the active material, termed FS, is not 
present in blood as such, but results from the interaction of precursor 
factors which occur in blood cells and plasma. With the precursor mate- 
rial of the cells being termed FSP (FS precursor) and that of plasma PF 
(plasma factor), the present evidence can be schematized by the expression 
FSP + PF -+FS. This expression is non-committal as to the multiplicity 
of any or all of these factors. 


EXPERIMENTAL 


Analytical Method—Freshly drawn human blood is diluted 750-fold with 
0.05 m potassium phosphate buffer of pH 6.1 to which 0.05 per cent ascorbic 
acid has been added before use (“‘AP buffer’). After appropriate incuba- 
tion (see below) proteins are coagulated by heating for 1 or 2 minutes at 
120° in a steam autoclave. After centrifugation the supernatant fluid is 
used for bacterimetry with L. casei (3). If purified fractions are studied, 
these steps are suitably modified. The previously (3) described basal 
medium has been simplified by preparing it in toto as a dry mixture, ali- 
quots of which are dissolved as needed. This has become possible by re- 
placing the solution of enzymatic casein hydrolysate by a dry preparation 
of an acid hydrolysate of casein! and tryptophan. This medium is slightly 
less sensitive than the earlier one, and the standard levels used are 0.06, 
0.12, and 0.18 yumoles of folacin per ml. of finished medium. 

Réle of Ascorbic Acid—This analytical procedure has entirely replaced 
the earlier one, based on dialysis (1), because ascorbic acid proved to pre- 
vent loss of FS during heat coagulation as well as during storage. Pre- 


* Blood folic acid studies II. For the first paper of this series, see Toennies et al. 
(1). Aided by a research grant (No. C-1479) from the National Cancer Institute of 
the United States Public Health Service and by an institutional research grant of 
the American Cancer Society. Presented in part at the Forty-fifth, 1954, and Forty- 
sixth, 1955, meetings of the American Society of Biological Chemists and at the Third 
International Congress of Biochemistry (2). 

1 Hycase, Sheffield Farms Company, New York. 
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sumably autoxidation is the main cause of the previously observed losses, 
Ascorbate cannot be replaced by cysteine, and it should be used at the 
specified level since higher concentrations of ascorbate interfere with pro. 
tein coagulation. 

FS Activity of Plasma and Cells—Washed blood cells and plasma, when 
assayed separately under conditions which yield high FS activity for whole 
blood, are nearly inactive. Combination of solutions of cells and plasma 
reestablishes the whole blood activity only in part, but full activity results 
when cells and plasma are recombined prior to dilution. 


TABLE I 
Contribution of Blood Components to FS 


Cells and plasma were separated by centrifugation in silicone-coated tubes; L and 
H designate two different blood specimens of low and high FS level, respectively. 














Blood Cells Plasma | FS value, ee per ml. 
L 36 
L 5 
0 
L ™ 33 
H 250 
H 42 
H 3 
H ™ 280 
L ™ 35 
H L | 280 











By separating the bloods of persons with high and low FS values into 
cells and plasma and, without washing or dilution, recombining these in 
different ways, it could be shown that the inactive precursor of the cells 
(FSP) rather than the plasma factor (PF) determines the FS level of an 
individual blood. This is illustrated in Table I. 

Réle of Incubation—When dialysis as described before (1) is preceded by 
incubation of a blood hemolysate at pH 6.1, the FS value is greatly en- 
hanced, as shown in Fig. 1. Since the results are similar when autoclaving 
in the presence of ascorbate is used instead of dialysis, 90 minutes of incu- 
bation at pH 6 and 38° prior to protein removal was adopted as standard 
procedure. As neither washed cells nor centrifuged plasma (or serum, see 
below) yields appreciable amounts of FS under these conditions, an inter- 
action FSP + PF - FS must be assumed. 

Partial Purification and Some Characteristics of FSP—A stabilized dry 
preparation of the cell precursor material can be obtained by the following 


proced 
NH,O 
and 8. 
yolum 
discar 
concel 
precip 
appro 


Fi 
uals ( 
and s 
for 1§ 


cont 
the | 
feret 
furtl 
solul 
solv 
FS ¢ 
of p 
uum 

2) 


Doh 








XUM 


losses, 
at the 
h pro. 


, When 

whole 
lasma 
results 


; Land 
vely, 


—__.. 


per ml, 


‘s into 
ese In 
e cells 
of an 


led by 
ly en- 
laving 
 incu- 
ndard 
m, see 
inter- 


d dry 


owing 





YIIM 


G. TOENNIES, E. USDIN, AND P. M. PHILLIPS 857 


procedure: To 100 ml. of unwashed human red cells* add 100 ml. of 0.05 m 
NH,OH for hemolysis. The pH of the hemolysate should be between 7.90 
and 8.00; adjust if necessary. Add 800 ml. of 50 per cent (volume per 
yolume) acetone to produce a 40 per cent acetone mixture. Remove and 
discard the resulting precipitate. Add acetone to the filtrate until its 
concentration is 85 per cent (volume per volume). Remove the new 
precipitate by filtration and centrifugation and lyophilize it. One obtains 
approximately 2.9 gm. of a brownish red powder (FSP precipitate) which 











MILLIGAMMA “FOLACIN" P-CC° BLOOD 


MINUTES OF INCUBATION 
A As Ps 


1 1 





Fic. 1. Effect of incubation on FS value. Dilutions of the blood of two individ- 
uals (Curves A and B) with 0.05 m phosphate buffer of pH 6.1 were incubated at 38° 
and samples withdrawn at different periods were dialyzed against the same buffer 
for 18 hours at 2°. The activities found in the permeates are shown. 


contains about 10 per cent of the original hemoglobin and 50 per cent of 
the original FSP. Fig. 2 illustrates the basis for this procedure, 7.e. dif- 
ferential precipitation of FSP and hemoglobin. The product cannot be 
further purified by repetition of the same process, apparently because the 
solubility properties of the remaining hemoglobin have been altered by the 
solvent. In a specific example, red cells which contained 0.054 pumole of 
FS and 0.66 pumole of FSP per mg. of dry weight gave a 9 per cent yield 
of purified precipitate which contained per mg. 0.26 pumole of FS and 4.8 
uumoles of FSP. The material is best dissolved in 0.04 m ascorbate buffer 


2 We wish to thank Mr. M. G. Coady of the plasma processing service of Sharp and 
Dohme for generous supplies of these cells. 
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of pH 3.8. Such a solution when incubated at 38° generates additional FS 
slowly without the interaction of plasma; in the above preparation the FS 
level increased from 0.26 to 1.12 and 1.74 wumoles per mg. after 2 and 4 
hours of incubation, respectively. Fresh washed cells also slowly liberate 
FS under similar conditions, while at pH 6 this does not occur with either 
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Fic. 2. Precipitation of FSP and hemoglobin by acetone. Aliquots of a mixture 
of equal volumes of red cells and 0.05 m NH,OH, adjusted to pH 7.9 to 8.0, are further 
diluted with 9 volumes of different acetone-water mixtures. Determinations on the 
resulting supernatant solutions of hemoglobin (spectrophotometrically) and FSP 
(bacterimetrically from the difference in FS obtained on incubation with and without 
plasma) yielded the data shown: @, hemoglobin; O, FSP. 





fresh cells or the FSP precipitate unless the plasma factor is present. 
Freezing and thawing also can liberate FS from cells, but the relevant con- 
ditions are not yet clearly defined. The FSP precipitate can be further 
purified by shaking it with water (20 ml. per gm.) at room temperature for 
15 minutes and lyophilizing the filtrate. The resultant straw-colored dry 
product contains most of the FSP activity and only 10 to 20 per cent of the 
weight of the FSP precipitate. 

FSP is thought to be a low molecular component of the non-hemoglobin 
intracellular proteins of the erythrocyte, because (a) it passes through 4 
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cellophane membrane at a slow rate, i.e. approximately one-sixth as fast 
as FS, (b) red cell ghosts (prepared according to Ponder (4)) are found to 
have no FSP activity, and (c) a layer rich in white cells,? obtained by 
pooling of the buffy layers from human red cell separations, shows no in- 
creased FSP content, although it shows significant enhancement of Leu- 
conostoc citrovorum activity. This would seem to rule out the white cells 
as the seat of FSP, since, as previously pointed out (1), the magnitude of 
the activity of whole blood dialysates for L. citrovorum is accounted for by 
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Fic. 3. Liberation of FS (tJ = micromicromoles) from an FSP preparation by 
lyophilized plasma. To 100 ul. portions of a 1 per cent solution of FSP precipitate 
in ascorbate buffer at pH 3.8, 100 wl. portions of 1, 2, 3, and 4 per cent solutions of 
lyophilized plasma were added, followed by 10 ml. of AP buffer. After incubation, 
autoclaving, and centrifugation, FS was determined with 3 ml. of the supernatant 
fluid and 3 ml. of basal medium. 


the leucocytes if their folic acid activity is entirely due to folinic acid, as 
shown by Swendseid et al. (5). 

Interpretation—In the proposed scheme, FSP + PF > FS, we tentatively 
consider PF as ‘“‘enzyme”’ and FSP as “‘substrate”’ (rather than vice versa), 
because according to the evidence presented (a) it is the level of FSP, 
rather than of PF, which determines the amount of FS yielded by an indi- 
vidual blood on incubation, and (b) under certain conditions FSP gives 
rise to FS without the action of plasma. Accordingly, a more specific 


PF 


formulation of the proposed working hypothesis would be thus FSP 
FS + ?. 

Partial Characterization of PF—PF¥ is measured by its capacity to lib- 
erate FS from FSP on incubation at pH 6. The pattern of this reaction 
is illustrated by Fig. 3.. By comparisons in which plasma or serum was 
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used in suboptimal proportions, it could be shown that (a) if fresh plasma PF, 
is allowed to coagulate, the resulting serum retains the PF activity, (b) of p 
serum kept in the refrigerator for 1 year loses little or none of its PF ae- spot 
tivity, (c) on dilution of serum or plasma PF activity diminishes, at rates FS « 
which tend to increase with increasing dilution, and (d) commercial prepara- whil 
tions of lyophilized citrated human plasma are good sources of PF and ultr: 
sists 
TABLE II tein 
-_ PF Activity of Plasma teins _ __ a prot 
._. | Approximate | 4) oxime ' In 
Cohn Fraction No. Specimen = | ae ven gen "PS activity of effec 
of whole plasma | raction 
Se Sea he ae prov 
per cent per cent | per cent 
I A 0 | 4-8 0 
I B 0 4-8 0 
I y 15 4-8 1 - 
Il + Ul A 0 20-25 | 0 al 
Il + Ul B 32 20-25 | 8 ren 
I + 1 D 3 20-25 | 1 a 
IV+vV A 163 70 114 
IV-1 D 0 6 0 Conc 
IvV-4 C 136 12 16 
IvV-4 D 136 12 16 -— 
V Cc 72 50 36 
V D 6 50 3 
V E 37 50 18 
VI A 0 | 2 0 
Specimen A from K. Schmid in 1951; Specimen B from K. Schmid in 1955, ‘‘acid- 
citrate-dextrose, totally soluble;’’ Specimen C from K. Schmid in 1955, “made Decem- acet 
ber 17, 1953;’’ Specimen D from R. B. Pennell in 1955; Specimen E from K. Schmid and 


in 1955, ‘‘acid-citrate-dextrose, contains Zn.”’ Tl 
* Compared with dry whole plasma as 100. 


tory 

retain much of their activity even when stored for several years in daylight of PI 
and at room temperature. buffe 
As to the seat of PF among the components of plasma, Table II presents me 
the results of comparisons of the PF activity of a series of protein fractions oy 
obtained from the Harvard plasma fractionation laboratories.’ Fraction in 
IV + V, the apparent seat of PF, consists chiefly of serum albumin, but a 
also contains specifically glyco-, lipo-, muco-, and other special proteins. ag 
Further investigation of Subfraction IV-4 seems indicated. om 
Sensitivity of PF and FS to Ultraviolet Light and Heat—In addition to ce 

3 We wish to thank Dr. K. Schmid, Dr. R. B. Pennell, and Dr. J. L. Oncley for | eon cy 
supplying materials and information. perin 








XUM 


ma 
(b) 
ac- 
ites 
ra- 
and 


total 
of 


‘acid- 
ecem- 
=hmid 


light 


sents 
etions 
iction 
1, but 
yteins. 


ion to 


ley for 





YUM 


G. TOENNIES, E. USDIN, AND P. M. PHILLIPS 861 


PF, crude plasma contains a certain amount of free FS. Measurements 
of plasma activity in the presence and absence of FSP, after dried plasma 
spots on paper had been exposed to heat or ultraviolet light, showed that 
FS activity is slightly impaired by heat and much more by ultraviolet light, 
while in the case of PF the effects are reversed: heat is more damaging than 
ultraviolet light. These observations accord with expectations if FS con- 
sists of low molecular compounds similar to folacin (6) and if PF is of pro- 
tein nature, as is also suggested by its presence in highly purified plasma 
protein fractions. 

Interaction of PF and FSP—While it was recognized early that dilution 
effects are important in the reaction FSP + PF = FS, their clear definition 
proved to be difficult. Systematic study was facilitated when the stable 


TaBLe III 
Réle of Combining Concentrations in Formation of FS from FSP and PF 
Each mixture contained 100 yl. of plasma and 5 mg. of FSP precipitate. The 


results are in terms of micromicromoles of FS liberated per ml. of the blood repre- 
sented by the FSP precipitate. 





Concentration of FSP ppt. 
Concentration of plasma, 











per cent | 
| 0.093 per cent | 0.28 per cent 0.83 per cent | 2.5 per cent 
100 | 23 | 19 17 | 13 
33 16 | 14 | 14 | 9 
11 11 9 8 | 9 
5 


3.7 8 6 8 








acetone precipitate could be used as a source of FSP instead of the variable 
and unstable fresh red cells. 

The following experiment, which was preceded by many other explora- 
tory ones, reveals the nature of the trends. Fresh liquid plasma as a source 
of PF and a 2.5 per cent solution of the FSP precipitate in 0.04 m ascorbate 
buffer of pH 3.8 were each diluted 3-fold in three successive steps, so that 
the resulting relative concentrations were 1:4:4:5'7 with regard to PF as 
well as FSP. Aliquots containing equal quantities of PF (equivalent to 
0.1 ml. of plasma) at different concentrations were combined with aliquots 
containing equal quantities of FSP (5 mg. of FSP precipitate) at different 
concentrations. After mixing, all combinations were brought to the same 
volume, incubated, and assayed as usual, including appropriate controls. 
AP buffer served as the diluent throughout. The net results, in terms of 
micromicromoles of FS liberated per ml. of the blood represented by the FSP 
concentrate, are listed in Table III which also shows the scheme of the ex- 
periment. It is apparent that the reaction is favored by high concentra- 
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tion of PF and at the same time by high dilution of FSP. It should be 
noted that the individual combinations differ only in regard to the concen- 
tration of the components at the time of mixing, since everything was 
equalized prior to incubation. 

In the preceding experiment the ratio of reactants was 20 ul. of plasma 
per mg. of FSP precipitate. Table IV shows the summarized results of 
experiments in which incubation time and PF:FSP ratio were varied, 
Undiluted plasma and a 0.04 per cent solution of FSP precipitate were com- 
bined in different proportions. This experiment, together with the pre- 
ceding ones, yielded the conclusion that for purposes of measuring total 
FSP potency the latter should be employed as dilute as possible, while 


TaBLe IV 
Réle of Incubation Time and PF:FSP Ratio in Yield of FS 


The results are in terms of micromicromoles of FS liberated per ml. of the blood 
represented by the FSP precipitate. 




















| Incubation time 
Plasma per mg. FSP ppt. a — 
0 min. | 30 min. 60 min 120 min. 
a _ fo — fs 
33 21 35 | 39 | 40 
66 20 40 | 42 | 39 
100 20 38 42 | 43 
133 20 40 | 42 43 





plasma should be used undiluted and in a ratio of 50:100 ul. per mg. of the 
present FSP preparation (or equivalent). 

In order to measure PF activity, the material to be assayed should be 
employed as concentrated as possible and should be compared with fresh 
plasma at levels of 0 to 40 ul. per mg. of FSP precipitate. Incubation at 
38° should be for 60 to 90 minutes. 


DISCUSSION 


If blood cells contain bound FS (FSP) and plasma contains enzymatic 
means for releasing it (PF), the question arises whether physiologically 
the two have a direct functional relationship. In terms of a working con- 
cept FSP may be viewed as a storage form of folic acid-active compounds 
which is sequestered in the red cell and becomes accessible to the action 
of PF as the red cell undergoes destruction at the end of its average life 
span of 120 days (7). This would account for the small amount of folic 
acid activity which we and others have found to be present in plasma (1). 
Hoarding of folic acid has been demonstrated for cells of L. casei (8), and 
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in the case of biotin similar observations have been made (9). It remains 
0 be seen whether in the higher organism the erythrocyte subserves a 
imilar hoarding function for folic acid-like factors, and perhaps other 
vitamins, and whether plasma is equipped to split other vitamin conjugates. 
The existence of plasma enzymes (conjugases) acting upon folic acid factors 
has been shown before (10, 11), but precursors contained in the blood cells 
sppear not to have been previously observed. 


SUMMARY 


it is shown that the folic acid activity of blood hemolysates is the result 
f interaction between separate factors contained in cells and plasma. 
Evidence suggesting that the cells contain a precursor (or precursors) and 
‘he plasma an enzymatic factor (or factors) is presented, and partial puri- 
jeation and some characteristics of these are described. A simplified 
lactobacillus casei assay procedure for FS (the active end-product), in- 
olving a dry mixture for the growth medium and the stabilization of FS 
y ascorbate, is also presented. 
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MULTIPLICITY OF THE FOLIC ACID-ACTIVE 
FACTORS OF BLOOD* 


By EARL USDIN, PHOEBE M. PHILLIPS, ann GERRIT TOENNIES 


(From the Lankenau Hospital Research Institute and the Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, December 15, 1955) 


Previous work in this laboratory (2) has shown that under proper con- 
ditions human blood yields much higher folic acid activity values than those 
found by prior authors. Microbiological responses indicated more than 
one factor to be involved. According to the evidence, neither folacin 
(pteroylglutamic acid), nor pteroyltriglutamic acid, nor folinic acid seemed 
to be a major component of FS (the designation adopted for the active 
material). It was also shown (3) that FS is not present as such in blood 
but results from the interaction, during and after hemolysis, of factors 
contained in erythrocytes and plasma. 

The preceding report (3) deals with a study of the precursors, and the 
present one discusses the end-products (FS). The preparation of stable 
concentrates of FS and their fractionation will be described. It will be 
shown that six or more folic acid-like compounds appear to be involved, 
and their relation to known factors will be considered. 


EXPERIMENTAL 


Analytical—As previously described (3), FS activities are measured with 
Lactobacillus casei and the results are expressed in micromicromoles. The 
same system is used to measure and express Streptococcus faecalis and Leu- 
conostoc citrovorum activities. 

Starting Material—In the commercial production of lyophilized human 
plasma large amounts of unwashed human red cells are obtained as a by- 
product. Because such cells are readily available and yield substantial 
amounts of FS, they have been employed in the present purification stud- 
ies! They are frozen and thawed prior to hemolysis in order to increase 
the yield of FS (3). 


* Blood folic acid studies III. Aided by a research grant (No. C-1479) from the 
National Cancer Institute of the United States Public Health Service and by an 
institutional research grant of the American Cancer Society. Presented in part at 
the Forty-fifth, 1954, and Forty-sixth, 1955, meetings of the American Society of 
Biological Chemists and at the Third International Congress of Biochemistry (1). 

1 We acknowledge with appreciation the help of Mr. M. G. Coady of Sharp and 
Dohme, Division of Merck and Company, Inc., Glenolden, Pennsylvania, in supply- 
ing the red cells. 
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Deproteinization—Heat coagulation of blood proteins leads to loss of Fr 
FS unless ascorbic acid is present (3). In the preparation of the concen- ] been 
trate used in most of the present purification studies, heat coagulation in ] elect: 
the presence of ascorbic acid represented the first step. Alternative pro- } yield 
cedures have been explored since, such as protein precipitation by trichloro- 
acetic acid, coprecipitation with a lignin derivative (Indulin A’), or dialysis, 
All of these methods, and particularly the last, result in a cleaner product 
than heat coagulation. 

Pilot Plant Concentrate’—20 liters of frozen and thawed red cells were 
added to a solution of 2.4 kilos of ascorbic acid in 480 liters of 0.05 m potas- 
sium phosphate buffer of pH 6.1. The solution was heated with stirring 
to 95° until a supernatant sample was colorless. The coagulated protein 
was removed by filtration and 200 gm. of Norit A were added to the filtrate. 
After stirring for 1 hour the charcoal was filtered. Celite was used asa 
filter aid. FS was desorbed by agitating the charcoal with a total of 6 
liters of ammoniacal aqueous ethanol (10, 40, and 50 per cent by volume 
of concentrated NH,OH, HO, and 95 per cent C2.H;OH, respectively) and 
the filtrate was evaporated in vacuo and lyophilized after removal of in- 
soluble material. Assays showed that this product (19.9 gm.) contained 
5.9 pumoles of FS per mg. compared with 0.09 ypumole per mg. of dry red 
cells. Thus purification is nearly 70-fold, while the absolute yield is 9 
per cent. 

Stability—In the presence of ascorbate FS is stable for long periods in 
phosphate, pH 6, at 2°, while in the absence of ascorbate activity is com- 
pletely lost in 2 weeks (2). Acid solutions and, more slowly, alkaline solu- 
tions destroy FS. Dry preparations have shown no change in activity F 
after storage for 6 months at room temperature. pane 

It was noted previously (2) that on storage of FS the ratio of S. faecalis | With 
activity to L. casei activity undergoes a marked increase. This also occurs — 
during the purification procedure: the ratio increased from 0.1 in the de | ,.4 
proteinized solution to 0.5 after charcoal adsorption and desorption with } frac 
alcoholic ammonia. The activity ratio, L. citrovorum to L. casei, remained | pap 
approximately 0.03. Enhancement of S. faecalis activity through the 
action of alcoholic ammonia was also noted by Hakala and Welch (4); in | sub 
their case it was attributed to degradation of the triglutamate form of | bios 
folinic acid to the diglutamate. 1 

Solubility—FS appears to be soluble in water, aqueous methanol, and J "-b 
ethanol at neutral pH, but insoluble in the water-immiscible organic so- J ™in 
vents. At low pH, FS could be distributed between water and n-butanol. J mic 


ete 





~*~ 





2 West Virginia Pulp and Paper Company, Charleston, South Carolina. _ 
3 The pilot plant operations were carried out at the Sharp and Dohme plant in saad 
West Point, Pennsylvania, under the guidance of Dr. Lemuel D. Wright. We are 4 
indebted to him and other officials of the company. Cva 
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Fractionation—Separation of FS activity into several components has 
been obtained by elution from basic resins, by solvent partition, by paper 
electrophoresis, and by paper chromatography. The last technique has 
yielded the most detailed results. The locations of microbiologically active 





Fic. 1. Paper chromatography of FS and reference substances. The upper three 
panels show tetrazolium bioautography of identically developed sheets on agar seeded 
with L. casei, S. faecalis, and L. citrovorum, respectively. Combinations of PGA, 
TER, and CF were used for comparison, as indicated. The sheets were developed 
(ascending) with a 52:28:20:0.3 combination of n-butanol, water, ethanol, and acetic 
acid. The lower two panels show (from left to right) PGA + TER + CF and Sub 
fractions 1, 2, and 3 of FS (see the text). Schleicher and Schuell 589 green ribbon 
paper was used. L. C. = L. casei, S. F. = S. faecalis, and CV = citrovorum. 


substances on paper were made visible by the technique of tetrazolium 
bioautography (5), in which a modified medium was employed (3). 

The results presented in Fig. 1 show (upper three panels) that in the 
n-butanol system FS is resolved into two major (FS-1 and FS-2) and one 
minor (FS-3) factors, and that none of these is identical with pteroylgluta- 
mic acid (PGA), teropterin (TER), or citrovorum factor (CF). The minor 
factor, FS-3, shows only S. faecalis activity, and only FS-1 shows L. citro- 
vorum activity. For purposes of fractionation crude FS concentrate was 


‘We are indebted to Dr. T. H. Jukes (Lederle Laboratories Division, American 
Cyanamid Company) for samples of the rarer compounds. 
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applied to a large sheet in a transverse line and developed with the n-butanol 
system. Three consecutive horizontal strips, representing the zone below 
the first FS spot and the zones of the two main FS spots, were cut off and 
eluted with water by a procedure involving evaporative concentration (6), 
The three concentrates were rechromatographed side by side as individual 
spots, together with the control mixture of PGA, TER, and CF, and the 
resulting sheets were bioautographed with L. casei and S. faecalis. The 
lower two panels of Fig. 1 show the result. It is apparent that the two 





Fic. 2. Paper chromatography of FS and reference substances; development with 
a 5 per cent citric acid solution brought to pH 9 with ammonia and saturated with 
isoamyl alcohol (7); tetrazolium bioautography with L. casei. The spots applied 
contained (from left to right) PGA, CF, TER, a combination of these, FS, N!°-for- 
mylpteroylglutamie acid, anhydroleucovorin, and pteroyl-a-glutamylglutamie acid. 


major FS subfractions have been well separated by the strip method and 
that their PR» values, relative to the controls, have not been changed in the 
process. 

Resolution of FS into two major components also occurred when 5 per 
cent NasHPO, saturated with benzyl alcohol (7) was used for chromatog- 
raphy. While folacin, teropterin, and folinic acid gave Ry values of 0.49, 
0.77, and 0.68, respectively, FS-1 appeared at 0.92 and FS-2 at 0.86. In- 
version of the relative positions of the two was established by evaporative 
elution of the fractions and rechromatography in the n-butanol system. 
A higher degree of resolution was achieved by the citrate-amyl alcohol 
system of Wieland, Hutchings, and Williams (7). Fig. 2 shows that FS 
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Fig. 3. Paper chromatograms of FS fractions and reference substances, bioauto 
graphed with L. casei. The numbers indicate spots of PGA (1), CF (2), TER (3), 
PGA + CF + TER (4), thymidine (4), anhydroleucovorin (6), formylpteroylglu 
tamic acid (7); citrate fractions: A (forefraction, 8), B (9), C (10), D (11), E (12), F 
after fraction, 13); n-butanol fractions: a (forefraction, 14), b (15), ¢ (16), d (after 
fraction, 17). The upper picture shows the result of chromatography with the cit 
rate solvent; the lower one, with the n-butanol solvent. 
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forms at least four distinct zones, the highest of which appears to be of the 


multiple composition. sys 

FS was now fractionated, by strip chromatography and cross-elution of 
sections, with the citrate solvent system and, separately, with the n-butanol she 
system. The citrate system yielded the four fractions shown in Fig. 2, sul 
and the n-butanol system yielded two main fractions as illustrated by Fig, dif 


1. The concentrated fractions, including a fore and an after fraction in gal 
each case, were then chromatographed separately side by side with some 
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Fic. 4. Paper chromatograms of FS fractions and reference substances, bioauto- 

graphed with L. casei and S. faecalis. FS fractions 1 to 7 were obtained by eluting M 

cuts of a chromatopack developed with citrate solvent. ‘ 

reference substances, by using the n-butanol solvent for one sheet and the 
citrate solvent for another. The results are shown in Fig. 3. The citrate 

run of the citrate fractions (upper picture) confirms the existence of five or ec 

six FS components (see Nos. 9, 10, 11, 12), and according to the citrate fo 

run of the butanol fractions FS-1 (No. 15) has four or five components and ec 


FS-2 (No. 16) has one. On the basis of the Rr values in the citrate system ce 
four of the FS components could be identical with PGA, with the secondary al 
spot of TER, with CF, and with anhydroleucovorin or formylpteroyl- p 


glutamic acid. However, when the same fractions and reference sub- a 
stances are compared by n-butanol chromatography (lower picture), it al 
becomes apparent that actually there is no identity between the reference ce 
compounds and the FS components. Other comparisons showed that in ti 
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the n-butanol system thymine resembles thymidine, while in the citrate 
system it runs about 15 per cent slower. 

Fractionations on an increased scale were carried out with multiple paper 
sheets (chromatopile (8), chromatopack (9)), and Fig. 4 illustrates the re- 
sults obtained. At least five discrete components are in evidence and 
differences among them with regard to effectiveness for the two test or- 
ganisms are apparent. 


DISCUSSION 


Numerous recent studies indicate that the family of naturally occurring 
folic acid compounds consists of many structural variants. Many investi- 
gators postulate the existence of conjugates of pteroylglutamic acid, tetra- 
hydropteroylglutamic acid, and folinic acid. In Sweden, Ericson has 
identified several of the folic acid-like factors present in yeast, algae, etc. 
(10), and he and his associates have also shown that there are at least nine 
different compounds, occurring in either free or bound form, which possess 
folic or citrovorum activity (11). In the present work pteroylglutamic 
acid, folinie acid, pteroyltriglutamic acid, N"°-formylpteroylglutamic acid, 
anhydroleucovorin, pteroyl-a-glutamylglutamic acid, thymine, and thymi- 
dine seem to be ruled out as major components of FS on the basis of direct 
comparisons. The fact that all FS components give good L. casei response 
argues against pteroic acid or its derivatives. Comparisons between re- 
ported Ry values and those observed for FS leave the possibility open that 
FS may contain pteroylglutamyl-y-glutamie acid and the di- or trigluta- 
mates of folinic acid. 


We wish to acknowledge with appreciation the technical assistance of 
Miss Patricia J. Raff and Miss Louise B. Kirschner. 


SUMMARY 


The folic acid-active material occurring in blood hemolysates has been 
concentrated by adsorption on charcoal after removal of blood proteins, 
followed by desorption from the charcoal with ammoniacal alcohol. The 
concentrate has been fractionated by various paper chromatographic pro- 
cedures, with tetrazolium bioautography serving as a means of detection, 
and it has been shown that FS (the active material) has at least six com- 
ponents, and that none of these appears to be identical with the folic acid- 
active substances which at present are chemically well defined. All factors 
are characterized by high Lactobacillus casei activity, while their Strepto- 
coccus faecalis activity, and even more so their Leuconostoc citrovorum ac- 
tivity, is small. 
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BIOSYNTHESIS OF RIBOSE IN ESCHERICHIA COLI GROWN 
ON C*-LABELED GLUCOSE* 


By I. A. BERNSTEINT 
WitH THE TECHNICAL ASSISTANCE OF DorotTHy SWEET AND PHYLLIS Foster 


(From the Department of Dermatology and Syphilology, Medical School, 
and the Institute of Industrial Health, University of Michigan, 
Ann Arbor, Michigan) 


(Received for publication, December 23, 1955) 


The biosynthesis of ribose in Escherichia coli, strain B, has been studied 
by using the tracer techniques previously employed in an investigation of 
this synthesis in the chick (1). These procedures were designed to evalu- 
ate the importance, in vivo, of formation of ribose by direct conversion from 
hexose by loss of either end carbon (cf. (2-4))._ Whether carbon 6 was lost 
as suggested by the “uronic acid-decarboxylation” hypothesis (cf. (5)), or 
carbon 1 was removed as would occur by the hexose monophosphate oxi- 
dative pathway, in a tracer experiment the distribution of C“ in the pentose 
would be expected to be similar to that of the remaining 5 consecutive car- 
bons in the hexose. Dissimilar patterns would indicate the probable in- 
volvement of one or more other pathways. In the chick experiments (1), 
the patterns of C“ in the glycogen (representing the hexose pool) and in 
the ribose (from ribonucleic acid) were different, and it was concluded that 
the major pathway for the synthesis of ribose under these conditions was 
not directly from hexose by loss of either carbon 1 or carbon 6. Synthesis 
by combination of C; + C2 units was suggested as being in accord with the 
observed results. One possible mechanism for such a process might be the 
condensation of glyceraldehyde phosphate and an active C2 unit catalyzed 
by transketolase (6, 7). 

A similar study in E. coli, however, has led to data which have been in- 
terpreted as confirming the conclusion of Lanning and Cohen (8): that 
most of the ribose in the ribonucleic acid of this organism was synthesized 
from hexose by loss of carbon 1. 


Methods 


Growth and Harvesting of Bacteria—E. coli, strain B, was grown with 
vigorous shaking! for 18 hours at 37° in a medium of inorganic salts and 


* A preliminary report on this investigation was presented at the 127th meeting 
of the American Chemical Society, Cincinnati, Ohio, April, 1955. 

+ Present address, R6657 Kresge Medical Research Building, University Hospital, 
University"of Michigan, Ann Arbor, Michigan. 

1120 strokes per minute on a reciprocal shaker, model V, manufactured by the 
New Brunswick Scientific Company, New Brunswick, New Jersey. 
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C-labeled glucose as the sole carbon source. The SM8 medium of Spizizen 
et al. (9), with the concentrations of all constituents except glucose doubled, 
was used. The final concentration of glucose was 0.4 per cent. 1 liter of 
medium was inoculated with the cells grown during the previous 24 hours 
on an agar slant? and washed in with 5 ml. of sterile H.O. The cells were 
harvested by centrifugation and washed twice with 25 volumes (25 ml. per 
gm. of cells wet weight) of 0.01 per cent unlabeled glucose and two times 
with 25 volumes of distilled H.O. 

Isolation of Ribose—The washed cells were suspended in 5 volumes of 
H,O, and the suspension was added with stirring to 45 volumes of 
cold (—10°) acetone. After standing overnight at 2°, the insoluble residue 
was removed by centrifugation at 0°, suspended in 10 volumes of cold ace- 
tone, and again centrifuged. After the addition of Hyflo Super-Cel (0.2 
gm. per gm. of original weight of cells), the residue was stirred with 20 vol- 
umes of 7 per cent trichloroacetic acid at 0° for 20 minutes, filtered, and 
washed with cold H,0, alcohol, and ether (1). Ribose was isolated and 
purified from the acid-insoluble fraction (by using NaOH for the ribonucleic 
acid-deoxyribonucleic acid separation) as previously described (1). Unla- 
beled ribose was added as a carrier after the purification. 

Degradation of Ribose—The distribution of C™ in the ribose was deter- 
mined by fermentation with Lactobacillus pentosus (10). 

Source of C'-Labeled Glucose—Glucose-3 ,4-C™ was obtained from the 
glycogen of rat liver after administration of NaHC™“O;. The distribution 
of C™“ was determined as described by Bernstein et al. (11). Glucose-1-C*, 
glucose-2-C™, and glucose-6-C™ were obtained from the National Bureau 
of Standards. 

Determination of Radioactivity—Radioactivity was determined in a gas 
phase counter (12) to a standard counting error of 3 per cent or less. All 
total carbon analyses were done by the method of Van Slyke and Folch (13). 


Results 


Table I presents the radioactivity data for the various experi- 
ments. When glucose-3 ,4-C™ was used as the carbon source, the ratio of 
carbons 2 to 3 in the ribose was 0.85, while the level of C™ in carbon 3 of the 
hexose was 94 per cent of that in carbon 4. The pattern of C" in the ribose 
was qualitatively similar to that of carbons 2 to 6 of the glucose. The ri- 
bose obtained in the case of glucose-1-C™ had levels in carbons 1 and 5 of 
14 and 25 per cent of that in the labeled carbon of the glucose. Values of 
17 and 28 were found in carbons 2 and 4 of the pentose relative to 100 in 


? The slants were grown in 20 X 150 mm. test-tubes at 37° for 24 hours in a me- 
dium consisting of 0.8 per cent Difco nutrient broth, 0.5 per cent NaCl, and 2 per 
cent agar. 
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arbon 2 of the glucose in Experiment 3. In addition, carbon 1 of ribose 
yas diluted to 76 per cent of that of the labeled carbon in the glucose in 
this experiment. In the experiment in which glucose-6-C™ was used, car- 
yon 5 of the ribose had only 74 per cent, while carbon 1 had 8 per cent of 
the activity in carbon 6 of the hexose. 


TABLE I 
C™ Distribution in Ribose Isolated from E. coli Grown on Labeled Glucose 
For details of the procedures see the text. 









































| | Relative specific activity (R. S. A.)* | Ribose 
$ ~~ 
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4 | Glucose- (100 (0 0,0} O | O |74 | 4.6) 2. 6| 3.4) 7. 9 2.05 3.79)3.99 
a ep pod | |} | |x108} | 





*R.S. A. = (specific activity for the carbon in question X 100)/(specific activity 
of the glucose carbon given a value of 100). 

+ The values for C™ in ribose have been corrected for dilutions by carrier. Car- 
rier dilutions were 130-fold in Experiment 1, 47-fold in Experiment 2, 52-fold in Ex- 
periment 3, and 96-fold in Experiment 4. 

t The data are given in counts per minute per millimole of carbon. 

§ (Average of R. S. A. for the 5 carbons X specific activity corresponding to an 
2. S. A. of 100)/100. 

|| By total combustion. 


DISCUSSION 


The data of Experiment 1 (glucose-3,4-C"), in which the distribution 
of isotope in the pentose paralleled that of carbons 2 to 6 of the glucose, sug- 
gest that the major pathway for biosynthesis of ribose in EZ. coli is by loss 
of carbon 1 of hexose, as previously reported by Lanning and Cohen (8). 
These results further confirm the conclusion of Cohen (14), that the postu- 
lated “uronic acid-decarboxylation” pathway plays no significant rdéle in 
the synthesis of ribose in this organism. 

If ribose does arise directly by loss of carbon 1 from hexose, the pentose 
would be expected to be unlabeled in cells grown on glucose-1-C"%. When 
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they carried out such an experiment, Lanning and Cohen (8) actually found 
that the ratio of counts per minute per micromole in ribose to that in the 
glucose-1-C was 0.2:0.3 and concluded that a mechanism other than q 
direct conversion from hexose was also operating to a significant extent, 
Determination of the pattern of C" in the ribose in Experiment 2 (glucose. 
1-C"*) showing that two-thirds of the total activity in the molecule was jp 
carbon 5 and the remainder in carbon 1 suggests, however, that the dire 
pathway accounts for even more of the synthesis than supposed by Lanning 
and Cohen. The activity of carbon 5 in this experiment could be a con- 
sequence of randomization of C™ in the hexose phosphate pool prior to syn- 
thesis of pentose. A reversible conversion of hexose monophosphate to 
the triose phosphates and the equilibration of the latter catalyzed by the 
isomerase would result in such a randomization. The activity of carbon 4 
in Experiment 3 (glucose-2-C) and the reduced specific activities of carbon 
1 in the same experiment and of carbon 5 in Experiment 4 (glucose-6-C") 
would also be explained by this hypothesis. Isolation and degradation of 
a sample from the “hexose phosphate” pool should clarify this point. 

Nevertheless, such randomization of the C' in the hexose phosphate pool 
and direct conversion of carbons 2 to 6 of the hexose to ribose do not en- 
tirely explain the patterns of radioactivity found in the pentose. The ra- 
dioactivities in carbon 1 of the ribose in Experiment 2 and in carbon 2 of 
Experiment 3 are cases in point. Synthesis of pentose by the “transketo- 
lase” mechanism (6, 7) in which the C2 fragment, coming from carbons 1 
and 2 of fructose-6-phosphate (15), would be condensed with a C3 unit such 
as glyceraldehyde phosphate could account for these activities. By this 
process, carbons | and 2 of the hexose phosphate would become carbons 1 
and 2, in the same order, of the ribose. Thus, in Experiment 2, some of 
the C™ from carbon 1 of the glucose-1-C™ would be found in carbon 1 of 
the ribose, and some of the radioactive isotope from the glucose-2-C™ would 
appear in carbon 2 of the pentose in Experiment 3. This mechanism could 
also be the reason for the decrease in the activity of carbon 2 of the ribose 
relative to carbon 3 of the glucose in Experiment 1, since in this case unla- 
beled carbon 2 of the hexose would contribute to carbon 2 of the pentose. 

Presently available evidence suggests that the biosynthesis of ribose oe- 
curs by at least two pathways and that different organisms probably utilize 
these mechanisms to varying degrees. In the chick, the pentose appears 
to be synthesized via combination of smaller units, while in FZ. coli the syn- 
thesis would seem to proceed predominantly directly from hexose by loss 
of carbon 1. Torula utilis is reported (16) to utilize the direct pathway en- 
tirely, whereas rat liver appears to use both about equally (17). 

It is of interest to note that glucose was the labeled substrate in those 
experiments favoring the direct pathway, while labeled precursors having 
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oily 1 or 2 carbons were used in the cases in which another pathway was 
shown to be important. Experiments are in progress to determine whether, 
in E. coli grown on unlabeled glucose as the major carbon source and 
trace amounts of acetate-1-C™, the data would still indicate the para- 
mount importance of the direct pathway in the synthesis of ribose. In 
this connection, Plaut and Broberg (18) found C™ in carbons 1 and 5 of 
the side chain of riboflavin synthesized by Ashbya gossypii grown on glu- 
cose-1-C'4 and preliminary data* indicate that, in riboflavin isolated from 
a culture of Candida flareri grown on glucose-3 ,4-C™, the pattern of C™ 
in the ribityl moiety was not similar to any 5 consecutive carbons of the 
labeled glucose. In the synthesis of this “‘ribose”’-like polyhydroxy chain, 
the data suggest a pathway other than a direct conversion from hexose, 
although glucose was the labeled substrate. 


The author sincerely appreciates the interest of Dr. Arthur C. Curtis in 
the continuation of this work. 


SUMMARY 


1. Ribose from ribonucleic acid has been isolated from Escherichia coli, 
strain B, grown on glucose-3 ,4-C™, glucose-1-C™, glucose-2-C™, and glucose- 
6-C“. The patterns of C™ in the ribose were then compared with those in 
the glucose used as the carbon source. Similar patterns in the pentose and 
hexose were assumed to indicate synthesis of the pentose directly from hex- 
ose by loss of an end carbon; dissimilar patterns, synthesis by some other 
mechanism, possibly involving combination of small carbon units. 

2. The patterns of Cin the ribose and glucose were qualitatively similar, 
and the data were interpreted to indicate that ribose was synthesized in 
E. coli predominantly from hexose by loss of carbon 1. 
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BIOCHEMISTRY OF THE SPHINGOLIPIDES 
IX. CONFIGURATION OF CEREBROSIDES* 


By HERBERT E. CARTER anp Y. FUJINOfT 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois) 


(Received for publication, January 16, 1956) 


The chemical structure of sphingosine was established by Carter et al. 
(1) as follows: 


3 2 1 
CH;—(CH:):.— CH==CH—CH—CH—CH; 


| 
OH NH: OH 


Subsequent stereochemical studies show that the double bond has the trans 
configuration (2, 3) and that the amino carbon atom has the p configura- 
tion (4, 5). Several investigators (5-7) have presented evidence for the 
erythro configuration of the 2nd and 3rd carbon atoms of natural dihydro- 
sphingosine. Thus it is now conclusively established that sphingosine, as 
isolated by hydrolysis of cerebrosides in anhydrous acidic methanol, is 
p.-erythro-1 ,3-dihydroxy-2-amino-4-trans-octadecene. 

There is still a question, however, as to whether the configuration of 
sphingosine as it exists in the cerebrosides is erythro or threo. Sphingosine 
has usually been obtained by acid hydrolysis of cerebrosides (8-12), a pro- 
cedure which gives a mixture of bases from which pure sphingosine is ob- 
tained in very poor yield. From the crude mixture of bases obtained with 
anhydrous methanolic acids, Carter et al. (13) have isolated both the erythro- 
and threo-O-methyl ethers of sphingosine, and from aqueous methanolic 
hydrolysates of cerebrosides Seydel (14) obtained two different bases which 
subsequently were shown to be threo- and erythro-sphingosine. The isola- 
tion of both the erythro and the threo isomers of sphingosine from the hy- 
drolysis of cerebrosides leaves open the question of the configuration of the 
sphingosine moiety of intact cerebrosides. 

It has been shown that, in the case of simple N-acyl derivative of 1,2- 


* This investigation was supported in part by a research grant (No. B-574) from 
the National Institutes of Health, United States Public Health Service. A prelimi- 
nary report of this work was given at the 2nd International Conference on Biochemi- 
cal Problems of Lipids, Ghent, 1955, and will appear in the Proceedings of the Con- 
ference published by Butterworths, 436 Strand, London, W.C. 2. 

+ Postdoctoral Research Associate in Chemistry. Present address, Obihiro Uni 
versity, Obihiro, Hokkaido, Japan. 
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amino alcohols, acid hydrolysis results in an N — O shift of the acyl group 
and that the shift may occur either with retention or with inversion of con- 
figuration of the hydroxyl carbon atom. The accompanying mechanisms 
have been postulated to explain these reactions (15). 


R—CH——CH——R! R—CH——CH——R! R—CH—CH—R! 
| | | 
HO NH HOt NH O NH;* 

. ~~ i 4 — | 
C=O <--Ht Cc CO 
| oO, | 
R? R? OH R?2 
Retention mechanism 
H*t — OH 
— oe RCH——CH—R! RCH—CH—R! 
rf) = <6 NH —+ 0 NH, 
YX 7 oe | 
C <-- OH, C CO 
| fn Dy | 
R:z R?2 OH,* R2 


Inversion mechanism 


It is particularly pertinent to the cerebroside problem that erythro acyl- 
amino alcohols usually give some inversion with the production of a mix- 
ture of two isomers, whereas the threo derivatives undergo hydrolysis with 
retention of configuration (15). These considerations point to an erythro 
configuration of the sphingosine moiety of cerebrosides, but experimental 
verification remains to be provided. 

In order to approach this problem, it seemed desirable to apply a hydro- 
lytic procedure which would eliminate the possibility of isomerization at car- 
bon atom 3. To this end a pure cerebroside, phrenosine, was prepared from 
crude sphingolipide. Phrenosine is a representative cerebroside which is 
relatively easily separated in a pure form. A preliminary study was then 
made of the hydrolysis of dihydrophrenosine by anhydrous methanolic 
acids in the hope that destruction of the allylic system would minimize or 
eliminate inversion. The results were inconclusive. No O-methyl ethers 
of dihydrosphingosine were obtained, but the yield of erythro-dihydro- 
sphingosine was only 50 per cent. Thus a considerable proportion of threo- 
sphingosine could have been produced, although it was not isolated. 

Attention was next directed to the alkaline hydrolysis of phrenosine. By 
a modification of Klenk’s procedure (16) psychosine (galactosidosphingo- 
sine) was obtained in good yields. Dihydropsychosine was readily ob- 
tained by catalytic reduction of psychosine. It seemed probable that acidic 
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iydrolysis of dihydropsychosine could be effected without inversion of the 
3rd carbon, and this expectation was realized. Hydrolysis of psychosine 
with aqueous ethanolic hydrochloric acid gave a high yield of erythro-dihy- 
drosphingosine, characterized as the tribenzoyl and triacetyl derivatives. 
No evidence could be obtained for the presence of threo-dihydrosphingosine 
in the hydrolysis product. 

These data afford conclusive evidence that sphingosine as it exists in the 
phrenosine molecule has the erythro configuration. A study of other cere- 
brosides and of the sphingomyelins should be made to establish the general- 
ity of this relationship. However, it seems most likely that other sphingo- 
lipides will also have the erythro structure. 


EXPERIMENTAL 


Preparation of Phrenosine—Phrenosine (cerebron) was prepared from a 
crude sphingolipide mixture from spinal cord by a modification of the pro- 
cedure of Klenk and Leupold (17). The sphingolipides were dissolved in 
10 volumes of hot glacial acetic acid, and the solution was allowed to stand 
overnight at room temperature. The solution was filtered by suction, and 
the solid was washed with acetone and then dried in a desiccator connected 
toan aspirator. The dried material was fractionated once more in the same 
way. The treatment of 1 kilo of sphingolipides (P:1.33, 1.45 per cent) 
yielded 414 gm. of crude cerebrosides (P:0.035 per cent). Chromatog- 
raphy over alumina removed the remaining phosphorus-containing lipides. 
For this purpose, 1 part of crude cerebroside dissolved in 40 parts (by vol- 
ume) of pyridine was percolated over 5 parts of alumina. The eluate was 
distilled under the reduced pressure to a small volume, and the cerebrosides 
were precipitated by adding acetone. In this way 220 gm. of purified cere- 
brosides, completely free from phosphorus, were obtained from 414 gm. of 
crude cerebroside. As the purified cerebroside mixture was slightly yellow 
and contained some kerasin, the recrystallization was repeated four times 
from 50 volumes of chloroform-methanol mixture (1:1) with charcoal. 
Phrenosine thus obtained (150 gm. yield) was a snow-white crystalline 
material which was essentially free of kerasin by the selenite plate test. 


CysHo3NOy (828.2). Calculated. C 69.05, H 11.24, N 1.69 
Found. “ 69.02, ‘* 11.27, * 1.80 
[a] +4.55° (0.2 gm. in 10 ml. of pyridine) 


Preparation of Psychosine—Psychosine was prepared by a modification 
of Klenk’s method (16). 8 gm. of phrenosine were dissolved in 80 ml. of 
warm dioxane, to which 80 ml. of 10 per cent barium hydroxide were added 
carefully so as not to cause excessive foaming. The reaction mixture was 
refluxed for 10 hours with occasional shaking to wash the adhering material 
down off the inside of the flask. The hot yellow-colored solution was 
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poured into 500 ml. of water, and the mixture was allowed to stand over- 
night. The precipitate was filtered by suction and washed with water, 
The solid was dried to constant weight (9.2 gm.). The dry solid was ground 
to a fine powder and was extracted with three 100 ml. portions of boiling 
ethanol. The ethanolic solutions were allowed to cool to room temperature 
and then filtered by suction. The 300 ml. of ethanolic filtrate thus obtained 
were concentrated under reduced pressure to give crude psychosine, which 
weighed 4.23 gm. (95 per cent yield from phrenosine). For purification, 
the crude psychosine was dissolved in about 80 ml. of ethanol and precipi- 
tated as the sulfate by dropwise addition of 1 N ethanolic sulfuric acid 
(freshly prepared) until the Congo red paper turned slightly blue. 80 ml. 
of ether were added to this solution to complete the precipitation of the 
sulfate, which was filtered and recrystallized from 1 liter of absolute ethanol, 
Psychosine sulfate was obtained as a beautiful white crystalline material 
(yield, 3.5 gm., 71 per cent of the theoretical; [a]?” —15.8° (0.7197 gm. in 
10 ml. of pyridine)). The free base was prepared in the usual way from 
2.8 gm. of psychosine sulfate by hydrolysis with 2.5 per cent barium hy- 
droxide. The yield of psychosine was 2.55 gm. The product was a white 
powder, which sintered at 115°, turned yellow at 140°, and melted with 
decomposition at about 190°. 

Hydrogenation of Psychosine—2.5 gm. of psychosine were hydrogenated 
in 300 ml. of 95 per cent ethanol at 80° under 500 Ibs. per sq. in. of hydrogen 
with Raney’s nickel as catalyst. 2.30 gm. of dihydropsychosine were ob- 
tained as a snow-white crystalline powder which gave no trans peak in the 
infra-red and which sintered at 135°, mostly melted at about 145°, and 
melted completely at 190° with decomposition. The same product was 
obtained in a micro hydrogenation apparatus at room temperature with 
the use of Adams’ platinum catalyst. 


CosHisNO; (463.64). Calculated. C 62.17, H 10.65, N 3.02 
Found. “61.79, “ 10.35, “ 2.83 


Hydrolysis of Dihydropsychosine—2.0 gm. of dihydropsychosine were 
dissolved in 450 ml. of 1.6 N ethanolic hydrochloric acid, prepared by adding 
concentrated hydrochloric acid to ethanol. The solution was refluxed for 
4 hours, during which the solution became a little yellowish. The reaction 
mixture was then concentrated under reduced pressure to dryness. The 
residue was dissolved in about 300 ml. of water and neutralized by adding 
3 N sodium hydroxide solution to pH 9.5 and was then extracted with three 
200 ml. portions of ether. The combined ether extracts were washed with 
water until the pH of the wash water was 7. The solution was dried for? 
hours over sodium sulfate and concentrated to dryness under reduced pres- 
sure, giving 1.30 gm. of crude dihydrosphingosine as a slightly yellowish 
powder (100 per cent yield). 
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Preparation of Tribenzoyldihydrosphingosine—Tribenzoyldihydrosphingo- 
sine was prepared by a modification of the procedure of Carter et al. (18). 
0.3 gm. of crude dihydrosphingosine was dissolved in 5.0 ml. of freshly dis- 
tilled pyridine and 1.2 ml. of freshly distilled benzoyl chloride were added 
dropwise. The reaction mixture was allowed to stand for 3 hours at room 
temperature, during which the solution became dark red and a white pre- 
cipitate (pyridine hydrochloride) was formed. 40 ml. of ice-cold water 
containing 5 ml. of concentrated hydrochloric acid were added slowly. The 
white precipitate disappeared and a new white solid separated. This was 
filtered, washed thoroughly with water, and recrystallized twice from 30 
ml. of absolute ethanol. Yield, 0.46 gm. of beautifully crystalline triben- 
zoyldihydrosphingosine (75 per cent) melting at 145-146°. 

CssHsiNO; (613.8). Calculated. C 76.31, H 8.38, N 2.28 
Found. * 76.8, “ 8.17, * 3 


Preparation of Triacetyldthydrosphingosine—0.3 gm. of crude dihydro- 
sphingosine was acetylated by the usual procedure (19), and gave 0.40 gm. 
of yellowish triacetyldihydrosphingosine (90 per cent yield) melting at 
90-92°. Two recrystallizations from absolute ethanol gave 0.31 gm. of 
beautifully white crystalline triacetyldihydrosphingosine, melting at 
100-102°. No threo-triacetylsphingosine could be isolated from the mother 
liquors. 


CoHisNOs. Calculated. C 67.41, H 10.61, N 3.28 
Found. “ 67.44, “ 10.48, “ 3.12 


SUMMARY 


An improved procedure has been developed for the preparation of psy- 
chosine from phrenosine. Dihydropsychosine (obtained by reduction of 
psychosine) on hydrolysis with ethanolic hydrochloric acid gives an excel- 
lent yield of erythro-dihydrosphingosine. No threo isomer could be detected 
in the hydrolysis product. These data establish that the sphingosine 
moiety of phrenosine has the erythro configuration. 
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THE METABOLISM OF THE METHIONINE CARBON 
CHAIN IN THE INTACT RAT* 
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In the present experiments the metabolism of the carbon chain of methi- 
onine has been studied in the intact rat by the administration of 2-, 3-, and 
4-C'-pL-methionine. The distribution of C™ in liver glycogen, serine, 
choline, and aspartic acid has been determined. The results are consistent 
with the metabolism of p- and t-methionine largely over the pathway of 
propionic acid catabolism and exclude the significant participation of certain 
other mechanisms. 


EXPERIMENTAL 
Methods and Materials 


2-C'4-pL-Methionine was purchased from Tracerlab, Inc., and the Cal- 
ifornia Foundation for Biochemical Research and purified by chromatog- 
raphy on a Dowex 50 column (2). 
3- and 4-C"-pL-methionine were synthesized from 1- and 2-C"*-acetate, 
respectively, by the following series of reactions 
C.H;COCI 


B 
CH,COONa —————» CH; COCI —_» CH.BrCOCl 


NaHCO; 
Pcie ante 
(3) 


CH.BrCOONa 


CH,SN LiAlH S 
CHASNa | on scu.coon 28+, on,scu.cH.oH S2C?, 


(4) CH,SCH:CH:Cl 


H 
NHCOCH; NH; 
NaC—(COOEt): 
(5) 


and purified by chromatography on Dowex 50 (2).” The yield of methio- 
nine by this procedure was about 40 per cent. Paper chromatography of 
the amino acid with butanol-acetic acid solvent gave a single ninhydrin- 





> CH;SCH:CH.CHCOOH 


* This investigation has been supported by a grant-in-aid from the American 
Cancer Society upon recommendation of the Committee on Growth of the National 
Research Council and by the Elisabeth Severance Prentiss Fund. A preliminary 
report of a portion of this work has appeared (1). The C™ used in this investigation 
was obtained on allocation from the United States Atomic Energy Commission. 
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positive and radioactive spot with an R, identical with that of pi-methio- 


' samp 

nine. es ; ; ‘ deter 
A detailed description of the synthetic procedure will be published else- 

where. 


CH;-C™-pi-Methionine was prepared by the method of Melville et al. (6). 

Determination of C Activity—The C* activity of all the samples of Ex. |[— 
periments 1 to 4 (Table I), with the exception of tetramethylammonium Ex- | 
iodide, was determined by converting the carbon to BaCO; and counting - 
with an end window Geiger-Miiller counter. Tetramethylammonium io. | \® 
dide was plated and counted on stainless steel planchets, but for purposes |— 
of comparison the results have been expressed as the activity determined 
on barium carbonate. The activities of all the samples in Experiment 5 1 
were determined by gas phase proportional counting (7). 


Biological Experiments 


C'*-labeled methionine was administered to rats subcutaneously together 
with oral doses of glycine or glucose. The latter substances were given to 
produce glycogen deposition and the glycine to stimulate serine synthesis 
as well. The general experimental data are summarized in Table I. Two 
animals from each group were kept in a metabolism cage for the collection 
of respiratory CO». At the end of the experiments the rats were anesthe- 
tized by intraperitoneal doses of 0.1 ml. of 10 per cent sodium Amytal solu- 
tion per 100 gm. In each experiment the appropriate viscera were removed 
and pooled for the isolation of glycogen and other substances, as described 
below. 


bo 


4-C'-pL-Methionine and CH;-C'-pi-Methionine Experiments 


Choline reineckate was isolated from the abdominal viscera as previously 
described (8) and degraded to trimethylamine (9, 10). The latter sub- 
stance was converted to tetramethylammonium iodide for the determina- 
tion of radioactivity (iodine, found, 63.5 per cent; calculated, 63.1 per cent). 

After the extraction of phospholipides, glycogen was isolated from the 
liver by the procedure of Ostern and Hubl (11) and purified by precipi- 
tating it twice from 10 per cent trichloroacetic acid solution with alcohol. The 
Glycogen was hydrolyzed and degraded by the procedure of Wood et al. | hour 
(12) by utilizing Lactobacillus caset. t! 

The neutral amino acid fraction of the liver hydrolysate, obtained as pre- t 
viously described (8), was chromatographed on Dowex 50 (2). Serine was : 
separated from the fraction containing serine and threonine by precipita- 
tion as the p-hydroxyazobenzene-p’-sulfonate (13). After recrystalliza- 
tion from water, the product decomposed at 202-204° simultaneously with 
a sample of the authentic L-serine derivative and with a mixture of the two 
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samples. The distribution of the small amount of activity in serine was 
determined by degradation with periodate (8). 


TABLE I 
General Experimental Data on Rats 





Methionine administered 








Sead 


XUM 


Ex- as we ak — “Length 
peri- | Weight of fasted | | ~—— |Other substances 
met rats | aoe Specific Dove i 100 gm. administeredt i—_ 
os | 7 | —? administrationt | 
gm. | | cote hrs. | hrs. 
1 | 150-170 4-Cu | 7.5 X 10 | 0.25 ml. of | Glycine,2.0| 14 
| (Average 161) | 0.3 M§ so- ml. of 2.5 | 
lution at0,|  ™ solution! 
3,6,and10| per 100 | 
hrs. | gm. 
2 155-170 CH;-C™ 5 X 104 0.25 ml. of Glycine, 2.0 | 14 
| (Average 163) | 0.3 m§ so- ml. of 2.5 
lution at0,| ™M solution) 
| 3,6,and10| per100 | 
| hrs. | 
3 174-190 3-C | 1.75 X 105 | 0.18 ml. of | om 2.5 4 
| (Average 183) | 0.3 m§ so-| ml. of 1.35| 
| lution atO | Mm sebutien! 
hrs. ~~ 100 | 
| 
4 150-158 | 2-C4 1.43 X 105 | 0.18 ml. of | Pl 2.5) 4 
(Average 154) | 0.3 m§ so- | mi. of 135 
| lution at 0 | M solution| 
| hrs. | per 100 | 
| | gm. 
5 | 149-151 2-C 1.09 X 10? | 0.30 ml. of | Glucose, 2.5 4 
(Average 150) | 0.15mi} so- | ml. of 1.35 
| Jutionat0| mM solution 
| hrs. | per 100 | 
| gm. 


* Six rate \ were used i in E xperiments 1, 2, 
The rats used in Experiments 1 and 2 were fasted for 48 hours, the others for 24 





hours. 
+ Subcutaneous. 


t By stomach tube. 


and 5 and four in Experiments 3 and 4. 











§ Warmed before administration, supersaturated at room temperature. 


|| In 0.08 mw NaCl. 


37 per cent of the C™ of 4-C'*-methionine and 28 per cent of that of the 


Me-C™ compound were recovered in the respiratory COs». 


of the serine, choline, and glycogen is shown in Tables II and III. 


The labeling 
Very 



























































888 METABOLISM OF METHIONINE 
little of the 4-C'-methionine activity was incorporated into the serineg | °8*! 
carbon or choline methyl groups. Glycogen was labeled in all carbons, with and 2 
equal activity in the 1,6 and 2,5 positions. CH;-C-Methionine produced In 
high labeling of the serine-8-carbon and of all of the glycogen carbon atoms “a 
TABLE II tropl 
Distribution of Isotope in Liver Glycogen after Administration 190°, 
of C'-Labeled Methionine speci 
E Average specific Labeling of the carbon fractions of glucose* parti 
Experiment | Type of C'-methionine| activity of conv 
No. administered glucose 
carbons* it 1,6t 2,5t 3,4t sepal 
remo 
1 4-Ci4 1480 1500 316 : 
2 CH,-C™ 970 740 | 23 | Prec 
3 3-0 270 307 m1 |byt 
4 2-C 2 2 232 on a 
5 2-C¥ 2900 0.2 indic 
2820§ cone 
* C.p.m. per mg. of carbon. cm. 
t Positions of the carbon atoms in glucose. a col 
¢ Determined on glucose phenylosazone. togrs 
§ Determined on glucose p-nitrophenylhydrazone. for d 
main 
TaBLeE III and 
Labeling of Serine, Choline, and Aspartic Acid by C*-Methionine* sone 
Serine Choline Aspartic acid aldel 
Type of methionine | - 
administered 15 
B-C a-C |COOH-C| CH:-C Average 2,3 | 1,4 tory 
4-0" ‘18 6.6.14 mini 
CH;-C™ 1700 1 2 The 
2-C4 | | 819 28 1610 of th 
acid 
* In c.p.m. per mg. of carbon. 
t Calculated. and 
TI 
with significantly higher activity in the 1,6 than in the 2,5 position, as deri 
shown in Table II. met! 
the « 
3-C™-pL-Methionine and 2-C*-pi-M ethionine Experiments 
In the 3-C'-methionine and first 2-C'-methionine experiments (Experi- 
ments 3 and 4), liver glycogen was isolated by the method of Good, Kramer, 
and Somogyi (14) and purified and degraded as described in the preceding 
section. The results are presented in Table II. 2-C'-Methionine labeled 
the glycogen in the 3,4 carbon, whereas 3-C"-methionine produced gly- 
uk. 
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cogen labeled in all positions with approximately equal activity in the 1,6 
and 2,5 carbons. 

In the second 2-C'*-methionine experiment (Experiment 5) liver glycogen 
was isolated, and the liver protein was hydrolyzed as in Experiments 1 and 
2. Portions of the glucose were converted to the phenylosazone and p-ni- 
trophenylhydrazone derivatives which were recrystallized (m.p. 205° and 
190°, respectively) and oxidized to CO» for the determination of the average 
specific activity of the glucose carbon. A third portion of the glucose was 
partially degraded by fermentation with Leuconostoc mesenteroides, which 
converts the 1 carbon to CO: (15). The dicarboxylic amino acids were 
separated from the hydrolysate by the procedure of Cannan (16). After 
removal of the glutamic acid as the hydrochloride, the aspartic acid was 
precipitated as the copper salt which was recrystallized and freed of copper 
by the usual procedure. Aspartic acid was purified by chromatography 
on a 70 cm. Dowex 50 column (2). Although the amino acid was pure, as 
indicated by a symmetrical elution curve of radioactivity and amino acid 
concentration (17), the sample was subjected to chromatography on a 40 
em. Amberlite IR-4B (acetate) column (18). The Amberlite introduced 
a colored impurity into the aspartic acid which was removed by rechroma- 
tographing on Dowex 50. Part of the aspartic acid was oxidized to CO: 
for determination of the average specific activity of the carbon. The re- 
mainder was degraded with hypochlorite, which converted carbon atoms 2 
and 3 to acetaldehyde (19). The acetaldehyde-2 ,4-dinitrophenylhydra- 
zone was oxidized to CO. to determine the average C™ activity of the acet- 
aldehyde carbon. 

15 per cent of the C' of 3-C'-methionine was recovered in the respira- 
tory COs, and 32 and 42 per cent of the C“ were recovered after the ad- 
ministration of the 2-C'* compound in Experiments 4 and 5, respectively. 
The C™ activity of the liver glycogen and aspartic acid and the distribution 
of this activity are shown in Tables II and III. The glycogen and aspartic 
acid possessed considerable C™ activity, but very little was located in the 2 
and 3 carbons of the aspartic acid or the 1 carbon of the glucose. 

The conversion of p- and L-methionine to propionate or a propionic acid 
derivative, as shown in Scheme 1, is proposed as the principal pathway of 
methionine metabolism in animals. Previous studies have demonstrated 
the occurrence of the various steps of this scheme. 


t-Methionine — a-ketobutyrate — propionate 


q 


a-Keto-y-methiolbutyric acid 


T 


p-Methionine 


ScuemeE 1. Proposed principal mechanism of methionine metabolism 
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The conversion of p- to L-methionine is indicated by the ability 
of p-methionine to support the growth of rats receiving a diet deficient in 
methionine and cystine (20) and by the existence of enzymes capable of 
deaminating p-methionine (21) and reaminating the corresponding keto 
acid to L-methionine (22-26). 

a-Ketobutyric acid is formed from methionine by a number of mecha. 
nisms. Carroll et al. (27) showed that a-ketobutyrate is a product of L-cys- 
tathione cleavage by rat liver, and Binkley (28) observed that a purified 
cystathionase preparation degraded pi-homocysteine and p1i-methionine 
with the formation of ammonia and an equivalent amount of H§ 
and methyl mercaptan, respectively. a-Ketobutyrate was identified as a 
product of the desulfurization of homocysteine. Evidence for the forma- 
tion of a-aminobutyric acid' (29-31) and homoserine! (31) from pi-methi- 
onine and for the conversion of pD- (21) and L-a-aminobutyric acid (22, 23, 
26) and t-homoserine (27, 32) to a-ketobutyrate has also been reported. 

The conversion of a-ketobutyric acid to propionate is supported by re- 
ports that it is rapidly and oxidatively decarboxylated by pigeon brain (33, 
34), and that pL-a-aminobutyrate is converted to a-ketobutyric and pro- 
pionic acids by rat liver homogenate (35). 

The results of the present experiment are in full accord with the postulate 
that carbon atoms 2, 3, and 4 of p- and L-methionine are metabolized in 
animals largely via propionic acid. The types of glycogen produced by the 
C*-pt-methionines (Table II) were identical with those which would have 
been produced on conversion of the 2, 3, and 4 carbons to propionic acid. 
The 2-C'-pt-methionine, like 1-C-propionate (36), introduced labeling 
only into the 3,4 position of the glycogen and 3-C'- and 4-C"*-pL-methi- 
onine, like 2-C- and 3-C"-propionate (36), introduced labeling into all 
the carbons of the glucose with roughly equal labeling in carbon atoms 
1,6 and 2,5. 

It is recognized that the present data do not provide conclusive proof of 
the principal metabolism of methionine by the proposed scheme (Scheme 1). 
However, the occurrence in the rat of two other mechanisms is eliminated. 
One is the direct conversion of methionine to aspartic acid, a pathway sug- 
gested by the formation of homoserine from pi-methionine in rats (31) 
and the existence of a mechanism for the transformation of L-homoserine 
to L-aspartic acid in yeast (38-40). By this process, 2-C'-methionine 
would label the 2 carbon of aspartic acid and the 1,6 and 2,5 positions of 
the liver glycogen. While the aspartic acid and glycogen were heavily la- 
beled, negligible C™ was located in the 2 and 3 carbons of aspartic acid or 
in the 1 position of the glucose (Tables II and III). These results contrast 
with the report of Marshall and Friedberg (41) that the activity of 2-C™ 


1 The optical identity of the amino acid was not reported. 
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methionine is primarily incorporated into the non-carboxyl carbons of as- 
partic acid in mice. 

The metabolism of methionine via conversion of the carbon chain to py- 
ruvate and formaldehyde (from the y-carbon) has also been excluded by 
the present data.? According to this pathway, 4-C'*-methionine would be 
expected to form C'*-formaldehyde and to label the serine-8-carbon and 
choline methyl groups (42-44). Little or no C™“ was found in these moie- 
ties; the administration of an identical dose of methyl-C*-methionine la- 
beled the serine-8-carbon very heavily (Table III). In addition, this mech- 
anism would produce 2-C'-pyruvate from 2-C*-methionine and would be 
expected therefore to introduce C“ into the 1,6 and 2,5 carbon atoms of 
the liver glycogen as is observed with 2-C-lactate (45). The results of 
Lactobacillus casei degradation of the glycogen indicated that there was no 
such labeling. A more exact determination of the C“ in the 1 carbon was 
made in Experiment 5 by gas phase proportional counting of the CO2 from 
this position. The specific activity of the 1 carbon of the glucose was very 
low (Table IT). 

The indication for the formation of propionic acid as a major intermedi- 
ate of methionine catabolism contributes to the evidence that propionate 
isan amino acid metabolite of considerable quantitative importance. Coon 
et al. (46) have presented data indicating that propionic acid is formed from 
the 2,3- and 3’-methyl carbons of isoleucine in rats, and Fones et al. (47), 
Peterson et al. (48), and Kinnory et al. (49) have obtained evidence for the 
formation of propionate from the isopropyl group of L-valine in this animal. 
Lien and Greenberg (50) have also shown that a-ketobutyrate is formed 
from pu-threonine in rat liver homogenate. However, it appears from the 
studies of Meltzer and Sprinson (51) that this pathway is not of major 
quantitative significance in the metabolism of threonine in the normal rat. 


The assistance of Dr. John R. Murphy with the gas phase proportional 
counting and of Dr. Murphy and Dr. J. A. Muntz in the L. mesenteroides 
degradation of glucose is gratefully acknowledged. 


SUMMARY 


2-C¥., 3-C-, and 4-C'-methionine have been administered to fasting 
rats, and the isotope distribution in the liver glycogen has been determined. 
2-C'-Methionine labels the glycogen solely in the 3,4 carbon, whereas 
3-C- and 4-C-methionine label the glycogen in all positions with equal 
labeling in the 1,6 and 2,5 carbons. It has also been found that 4-C'- 
methionine does not label the serine-8-carbon and choline methyl groups 


2 This conversion was conceived to occur via a-keto-y-hydroxybutyric acid which 
is formed from pyruvate and formaldehyde in liver (37). 
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and that 2-C'-methionine labels aspartic acid principally in the carboxy] 
carbon. The implications of these findings are discussed. 
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THE QUANTITATIVE MEASUREMENT OF 7-GLUTAMYL 
TRANSPEPTIDASE ACTIVITY* 


By ERIC G. BALL, J. P. REVEL, anp OCTAVIA COOPER 


(From the Depariment of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, January 23, 1956) 


It was observed by Hanes et al. (11, 12), using paper chromatographic 
procedures, that kidney extracts were able to catalyze transpeptidation 
reactions involving y-glutamyl peptides. Independently, Kinoshita and 
Ball (16, 17) observed the same reaction by a method which permitted 
quantitative measurement of the product formed. The method of the 
latter workers was limited in its usefulness, however, in that, though any 
y-glutamyl peptide could be employed as the donor, only arginine could 
be used as the acceptor of the glutamy] moiety. We have, therefore, sought 
means for the quantitative measurement of this reaction which would per- 
mit a study of amino acids other than arginine. We describe here two 
procedures. They both are dependent, however, upon the use of gluta- 
thione as the y-glutamyl donor. 

One method is manometric and this permits the reaction to be readily 
followed throughout its time-course. It is based upon the release of 
cysteinylglycine which occurs in the reactions catalyzed by the enzyme. 
During the initial stages of the reaction these may be represented as shown 
by the following equations: 


Glutathione + H.O — glutamic acid + cysteinylglycine (1) 

Glutathione — pyrrolidonecarboxylic acid + cysteinylglycine (2) 

Glutathione + glutathione — y-glutamylglutathione + cysteinylglycine (3) 

Glutathione + amino acid — y-glutamyl peptide + cysteinylglycine (4) 

The amount of cysteinylglycine formed is determined by measuring the 
CO uptake which occurs in the following reaction: 

2 Cysteinylglycine + Fe**+ + 2CO — (cysteinylglycine)2Fe(CO)> (5) 


The method has its origin in the observations of Cremer (8) and Kubowitz 
(18) that, whereas cysteine readily forms an iron-carbon monoxide chelate, 
glutathione is relatively inactive in this respect. As will be shown here, 

* This work was supported in part by funds received from the Eugene Higgins 


Trust through Harvard University and from the Life Insurance Medical Research 
Fund. 
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cysteinylglycine resembles cysteine in its ability to react readily with iron 
and carbon monoxide. 

The second method employed to follow quantitatively y-glutamy] trans- 
peptidase activity is based upon the measurement of the disappearance of 
glutathione and employs the alloxan procedure of Patterson and Lazarow 
(22)! to measure glutathione. In this procedure, use is made of the ability 
of alloxan to react with glutathione to form a compound with a maximal 
absorption at 305 muy. 


Methods and Materials 


Manometric Method—The reaction is followed by the conventional War- 
burg manometric procedure at a temperature near 38°. Vessels with two 
side arms are usually employed. In the experiments to be described here, 
the main chamber has contained 2.0 ml. of 0.1 m borate buffer, pH 9.0, 
the amino acid or other y-glutamyl acceptor, and water to make the 
total fluid volume 3.0 ml. after the contents of both side arms have been 
dumped. In one side arm is placed the enzyme preparation, and in the 
other 0.2 ml. of a 0.1 m solution of glutathione (20 umoles) and 0.15 ml. of 
a freshly prepared solution of 0.05 m FeSO, (7.5 umoles). We have pre- 
ferred to employ the isoelectric form of glutathione and of amino acids or 
other y-glutamy] acceptors rather than to titrate them to the pH of the 
medium. The addition of these components and the ferrous sulfate to 0.1 
M borate buffer of pH 9.0 in the amounts and under the conditions described 
herein causes the pH to shift to a value lying in the range 8.6 to 8.7, the 
optimum for the reaction. The vessels are usually filled in the order 
given, and are gassed with CO from a commercial cylinder. It may 
sometimes be necessary to pass the gas through pyrogallol to remove Os. 
The glutathione and iron may be dumped as soon as the vessels are gassed. 
They must not be added to the alkaline buffer in the presence of oxygen 
since rapid oxidation of both the ferrous salt and the SH group of gluta- 
thione occurs under alkaline conditions. The vessels are placed in a con- 
stant temperature bath and allowed to come to equilibrium. There may 
be a slow uptake of CO for the first 10 to 20 minutes due to the formation 
of the ferrous chelate of glutathione. This usually amounts to not more 
than 20 ul. of CO. The enzyme solution is then tipped in to start the reac- 
tion. Reaction vessels with a single side arm may be employed. Then 
the enzyme is placed in the main chamber and the reaction started by 
dumping the mixture of glutathione and FeSO,. 

This method is limited to use in the alkaline pH range, due to the fact 
that the chelation of cysteinylglycine with iron and CO becomes a limiting 


1 We are indebted to Dr. Lazarow for making the details of this method available 
to us before publication. 
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factor as the pH approaches neutrality. The method appears to work suc- 
cessfully as low as pH 8.3 in borate buffer, though we have mainly employed 
the method at a pH nearer to 9.0. The limiting amount of ferrous sulfate 
which can be successfully kept in solution under the conditions of the ex- 
periment appears to be about 7.5 umoles per 3 ml. of borate buffer. This 
amount of iron theoretically permits the chelation of 15 umoles of cysteiny]- 
glycine and the uptake of 336 wl. of CO. It is obviously necessary, there- 
fore, to keep this point in mind in the design of the experiments. 

Alloran Method—This reaction was run in Thunberg tubes in an atmos- 
phere of N: purified by passage over heated copper filings. Each tube con- 
tained 2.0 ml. of 0.1 m buffer, enzyme solution, and water or amino acid 
solution to make a volume of 2.7 ml. In the side arm was placed 0.3 ml. 
of a glutathione solution containing usually 20 wmoles. The contents of 
the tubes were brought to 38° and the glutathione dumped to start the 
reaction. At the desired time interval tubes were opened and 0.5 ml. of 
the contents immediately pipetted into a mixture of 3.5 ml. of H.O and 
1.0 ml. of 25 per cent metaphosphoric acid. The precipitated protein was 
filtered and the glutathione content of the filtrate determined by the method 
of Patterson and Lazarow. To 0.25 ml. of filtrate, the following reagents 
were added, with mixing and in the order given: 0.25 ml. of 5 per cent 
metaphosphoric acid, 1.2 ml. of H,O, 1.0 ml. of 0.1 m alloxan (freshly pre- 
pared), 1.0 ml. of 0.5 m phosphate buffer, pH 7.5, and 0.3 ml. of 1.0m NaOH, 
the last two reagents being added to each tube in rapid succession. The 
final pH of the mixture should be close to 7.5. Each tube is allowed to 
stand exactly 6 minutes after the above reagents are added and then 1.0 
ml. of 1.0 m NaOH is added with mixing. The extinction at 305 muy is 
then determined in a Beckman model DU spectrophotometer. A gluta- 
thione standard and appropriate blanks are also run concurrently. In 
agreement with Patterson and Lazarow (21), we have obtained density 
readings at 305 my lying between 0.46 and 0.50 when a 1 em. cell and a glu- 
tathione concentration of 1 mg. per 100 ml. of final reaction mixture are 
used. We have also confirmed their finding that cysteinylglycine undergoes 
no appreciable reaction with alloxan to form a product absorbing in this 
region. The average absorption at 305 my that we have obtained in three 
experiments with cysteinylglycine was less than 3 per cent of that given 
by an equivalent amount of glutathione. 

pH Determination—All values for pH were determined by means of a 
glass electrode at room temperature. The instrument was calibrated 
against standard buffers. 

Materials—The glutathione, cysteine, alanine, and glycylglycine em- 
ployed were commercial samples, and the ferrous sulfate was a commercial 
sample recrystallized so as to yield the monohydrate. The cysteinylglycine 
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was a white crystalline preparation synthesized in the laboratories of By. 
John Sheehan, to whom we are indebted for the sample used. When 
purified enzyme was used, it was prepared from beef kidney cortex by the 
method of Kinoshita and Ball (17) with slight modifications. Kidney 
homogenates were prepared by blending fresh kidney with buffer solution 
or isotonic KCl in a Potter-Elvehjem type (23) homogenizer. They were 
usually employed at a final dilution of 1 gm. of tissue per 100 ml. 
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Fia. 1. Manometric measurement of y-glutamyl transpeptidase activity. Each 

flask contained 1.25 mg. of purified enzyme, 7.5 umoles of FeSO,, 20 umoles of gluta- 

thione, 2.0 ml. of 0.1 m borate buffer, pH 9.0, in a total volume of 3.0 ml. t-Alanine 

was present in those flasks in which transpeptidation was measured; Curve 1, 10 

umoles; Curve 2, 20 umoles; temperature, 37.8°. The pH of the contents of all the 
vessels after mixing fell within the range of 8.6 to 8.7. 


Results 


The type of data obtained with the manometric method is shown by the 
results presented in Fig. 1. In this experiment a purified kidney enzyme 
preparation was tipped into the flask to start the reaction. One flask con- 
tained only glutathione with ferrous iron and buffer. In this flask cystein- 
ylglycine release may be brought about by the reactions shown in Equations 
1 to 3. Since the method does not permit us to distinguish between the 
amount of breakdpwn resulting from each of these possible pathways, we 
have simply labeled this reaction in Fig. 1 as “Hydrolysis.” In the other 
two flasks, L-alanine was also present in total amounts of 10 and 20 umoles 
per vessel, respectively. Here cysteinylglycine production can theoreti- 
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By. cally occur by any one of the four reactions shown in Equations 1 to 4. 
Vhen Since again we are not able to determine the amount of cysteinylglycine 
y the formed in each of the four possible pathways, we have chosen to label 
dney these curves in Fig. 1 “Transpeptidation.” It will be noted that in all the 
tien flasks there is a slight lag period in CO absorption after dumping the 
were | enzyme. This lag period is usually of about 5 minutes duration. The 
reaction then proceeds linearly for a period of about 30 minutes. For the 
purpose of making comparative rate measurements, we prefer to use the 
rate during this linear period of the reaction. For example, by this means, 
the data presented in Fig. 1 give a CO uptake rate for hydrolysis of 86 ul. 
per hour, while that for transpeptidation is 175 and 250 ul. per hour with 
10 and 20 umoles of L-alanine, respectively. Though not shown in Fig. 1, 
the rate with 20 umoles of pi-alanine per vessel has been found to be the 
same as that with 10 wmoles of L-alanine. This indicates that the p form 
of the amino acid neither participates in the reaction nor inhibits it. 
Several questions must now be answered as to the validity of this mano- 
metric procedure for following the rates of the enzymatic reactions under 
study. We will now endeavor to deal with these in turn. First, the ques- 
tion may be raised as to whether cysteinylglycine is capable of reacting 
with CO and ferrous iron or whether the reaction observed depends upon 
the subsequent release of cysteine from the dipeptide by further enzymatic 
action. It can be shown that cysteinylglycine will chelate more readily 
than cysteine with ferrous iron and carbon monoxide. We have compared 
the rate of uptake of CO by cysteine and cysteinylglycine after dumping 
them into a borate buffer at pH 9.0 containing ferrous iron at a tempera- 
Each | ture of 37.8°. By using concentrations of these two components in the 
a range 4 to 7 wmoles per vessel, it was found that 50 per cent of the final 
1 10 equilibrium value was reached in the case of cysteinylglycine in about 3 
ll the | Minutes. In the case of cysteine the reaction was about one-fifth as fast. 
The final equilibrium value for the reaction of CO with cysteinylglycine 
under the conditions of our experiments reaches approximately 85 per cent 
of theoretical. The relation between total CO absorbed and the amount 
y the of cysteinylglycine added to the flask is shown in Fig. 2. If 1 mole of CO 
zyme | Were absorbed for each mole of cysteinylglycine formed, then the relation 
-eon- | shown by the dashed line in Fig. 2 would be expected. The amount of 
stein. | ‘ysteinylglycine added was determined by iodometric assay of its reducing 
tions | *quivalents. Under similar conditions we have found cysteine to reach 
n the | 90 per cent of theoretical equilibrium values, which confirms the findings 
8, we of Cremer (8). 
other An answer to whether the ferrous salt influences the reaction has been 
moles | *Pproached in the manner shown by the experiment in Fig. 3. In this 
oreti- | °Xperiment the enzymatic reaction has been started but the ferrous iron 
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FeSO,, 2.0 ml. of 0.1 m borate buffer, pH 9.0, and the amount of cysteinylglycine indi- 
cated, in a total volume of 3.0 ml.; temperature, 37.8°. The dashed line indicates a 


theoretical uptake. 
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Fig. 3. Enzyme activity in presence and absence of ferrous sulfate. Each flask 
contained 1.87 mg. of purified enzyme, 20 wmoles of glutathione, 20 umoles of t-ala- 
nine, 7.5 umoles of FeSO,, and 2.0 ml. of 0.1 m borate buffer, pH 9.0, in a total volume 
of 3.0 ml. The enzyme was tipped into the main chamber at zero time in all the 
flasks; the FeSO, was added at the times indicated on the graph by the arrows. The 
pH of the mixture without added iron was 8.71 and fell to 8.63 with the addition of the 


ferrous sulfate. 
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has been added at different time intervals during the course of the reaction. 
It can be seen that the addition of the iron salt either 10 or 20 minutes after 
the initiation of the enzyme reaction leads to no change in the total amount 
of CO eventually absorbed, and that by the end of the 40 minute period the 
reaction is proceeding in all flasks at the same rate. This indicates that 











TABLE I 
Comparison of Data Obtained by Manometric and Allozan Methods 
Method 
Experiment No.| Glutathione t-Alanine Time : : 
Cysteinylglycine |) Giutathione used 
pmoles pmoles min. pmoles pmoles 

: 20 0 30 3.1 3.1 
40 0 30 3.7 4.2 
2 20 20 15 3.4 3.3 
30 6.9 6.7 

30 6.3 (CO)* 
3 20 100 7.5 1.5 1.5 
15 3.4 4.0 
30 6.9 6.2 
4 20 0 15 1.5 1.5 
30 3.0 3.4 
45 4.4 4.5 
60 6.2 
5 20 100 15 2.3 2.8 
30 4.4 4.8 
45 6.5 6.4 




















* The reaction was carried out in an atmosphere of CO instead of N2. Experi- 
ments 1 to 3 were performed with purified enzyme, while in Experiments 4 and 5 rat 
whole kidney homogenate was employed. Temperature: manometric method, 37.8°; 
alloxan method, 38.0°. In all cases, 2.0 ml. of 0.1 m borate buffer, pH 9.0, were used 
per 3.0 ml. of reaction mixture. The initial pH of the final mixture in all cases as 
measured with the glass electrode fell within the range 8.6 to 8.7. The amount of 
enzyme preparation employed varied in the different experiments, so that a compari- 
son of the results is not valid. 


the ferrous iron is without any significant effect upon the kinetics of the 
enzyme reaction. 

Some answers to the questions already raised and to certain others have 
been provided by a comparison of the results obtained by the manometric 
method with those furnished by the alloxan procedure. In Table I are 
data obtained by both methods under comparable experimental conditions. 
For presentation in Table I, we have converted the manometric data into 
micromoles of cysteinylglycine formed by dividing the microliters of CO 
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absorbed in a given time interval by 19. The value 19 represents 85 per 
cent of the theoretical value of 22.4 ul., and its use is based upon the data 
presented in Fig. 2. An inspection of Table I will show that the values ob- 
tained by the two methods under a variety of experimental conditions are 
for the most part in fair agreement. There is a tendency for the alloxan 
method in some instances to give values 10 per cent or so higher than those 
obtained by the manometric procedure, and also to yield values not as 
linear with time. In this connection it should be noted that high results 





5 U T t ul 


§uM FORMED OR USED 
w 








1 1 1 L 





mg ENZYME 


Fria. 4. Rate of hydrolysis of glutathione at different enzyme concentrations. 
The results are expressed in micromoles of glutathione destroyed by the alloxan 
method (X) at 38°, or in micromoles of cysteinylglycine formed in the manometric 
procedure (©) at 37.8°, during a 40 minute incubation period in the presence of the 
stated amounts of a purified enzyme preparation. In all cases, 20 wmoles of gluta- 
thione were used and no y-glutamyl acceptor was added; 2.0 ml. of 0.1 m borate buf- 
fer, pH 9.0, in a total volume of 3.0 ml.; initial pH of mixtures, 8.64 to 8.72. All other 
experimental procedures were as described in the text. 


will be obtained in the alloxan method if any oxidation of glutathione 
occurs during the experimental procedure. The alloxan method measures 
only the reduced form of glutathione, and hence any glutathione which is 
oxidized will contribute to the amount which is measured as having dis- 
appeared. Autoxidation of glutathione can be a particularly dangerous 
source of error at pH values near 9.0, as used in these experiments. Also, 
since the alloxan method depends upon a measurement of the difference 
between the initial concentration of glutathione and that remaining at 4 
given time interval, it is least reliable when used to measure the disappear- 
ance of small amounts of glutathione. 

The data in Table I also indicate that there is no essential difference in 
the results obtained at this pH by the two methods, whether one employs 
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a purified enzyme preparation or a crude kidney homogenate. This sug- 
gests that kidney peptidases other than y-glutamy] transpeptidase play at 
best a negligible quantitative réle in the results obtained. Also, as seen 
in Table I, the substitution of CO for Nz has little effect upon the reaction 
as measured by the alloxan method. A similar lack of effect of CO upon 
the enzymatic reaction has been demonstrated by the use of the method 
of Kinoshita and Ball (17). 
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Fig. 5. pH-activity curve for hydrolysis and transpeptidation, Curve 1, 20 
umoles of glutathione per vessel; Curve 2, 20 umoles of glutathione + 100 umoles of 
L-alanine per vessel; Curve 3, 20 umoles of glutathione + 20 uwmoles of glycylglycine 
per vessel. All the values were determined by the alloxan method at 38° with an 
incubation period of 30 minutes. Each 3 ml. of reaction mixture contained, in 
addition to the components listed, 2 ml. of 0.1 m buffer and 0.4 ml. of 1:100 homog- 
enate of rat kidney. Acetate buffer was used in the region of pH 5.0, phosphate buf- 
fer in the range, pH 5.5 to 7.4, tris(hydroxymethy]l)aminomethane buffer in the region 
of 8.0, and borate buffer at the remaining pH values. All pH values recorded in 
Fig. 5 were determined by means of the glass electrode at the end of the incubation 
period. 


The data presented in Fig. 4 show that the rate of the reaction is propor- 
tional to the enzyme concentration and that the two methods again give 
concordant results. Here the manometric data have been corrected as de- 
scribed for the data presented in Table I. 

pH-Activity Curve—By using the alloxan method, the activity of the 
enzyme has been measured at different pH values and when the reaction 
mixture contained (1) glutathione alone, (2) glutathione plus glycylglycine, 
and (3) glutathione plus L-alanine. In these experiments, 20 umoles of 
glutathione and glycylglycine and 100 umoles of L-alanine were employed 
in a total volume of 3.0 ml. The conditions of the experiments in all three 
cases were the same, so that the results in Fig. 5 are directly comparable 
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with one another. For example, at the optimal pH, the rate of the reaction 


is the same for glycylglycine and t-alanine if the latter is present at a con. - 
centration 5 times that of the former and this rate is 3.8 times that for ence 
hydrolysis. It will be noted that, though the optimal pH for the reaction } iq 
under all conditions lies within the region of pH 8.5 to 8.8, there isa] of), 
spread of the curves on the acid side of this optimal region. For example, may 
the pH value at which 50 per cent of the optimal activity is reached on | ¢¢ ¢j 
this acid side is 6.65 for glycylglycine and 7.60 for L-alanine. The pK | joa¢ 
values at 25° as given by Cohn and Edsall (7) for the amino groups of these glut 
compounds are 8.15 and 9.69, respectively. Thus, the position of the } and 
pH-activity curves on the acid side of the pH optimum for these two com- } pric 
pounds directly reflects the relative strength of the ionization constants of | a}co 
their amino groups and indicates that it is the NH: form of these com- | ,_ 4). 
pounds which participates in the reaction. By using the pK values given ticit 
above, one can calculate the concentration of the NH; form of glycylglycine | gica 


and L-alanine present in the reaction mixture at the pH values for 50 per | attr 
cent activity. The values so obtained are 0.67 umole for glycylglycine at } tion 
pH 6.65, and 0.72 umole for L-alanine at pH 7.60 per 3.0 ml. of reaction v 
mixture. tion 
The pH-activity curve reported by Kinoshita and Ball (17) resembles | pj; 
those presented here. It was obtained by measuring the amount of | 3 
y-glutamylarginine formed in the presence of glutathione and arginine 
under experimental conditions similar to those employed here. On the] yo, 
acid side of the optimal pH, their curve lies intermediate to those given | wer, 
here for glycylglycine and t-alanine. The pK value at 25° for the arginine | Th,¢ 
amino group is reported to be 9.04 (7), which is thus also intermediate to 


Equ 


those given for glycylglycine and alanine. From the data of Kinoshita a 
and Ball it can be calculated that 50 per cent of the optimal activity is (9) 
reached on the acid side at pH 7.10. glut 
Fruton and his coworkers (10, 15), in their studies on reactions catalyzed por 
by a variety of proteolytic enzymes, were the first to point out the pH de | whe 
pendence of transamidation and its relation to the pK of the replacement | wo, 
agent. The results presented in Fig. 5 serve to reemphasize the need for | gic 
a careful choice of pH and concentrations in making a study of the relative | poy 
reactivities of a group of compounds as replacement agents in transpeptida- glut 
tion reactions. As can readily be seen from Fig. 5, any quantitative con- | egy] 


clusions drawn as to the relative merits of L-alanine versus glycylglycine a ] jn 
y-glutamyl acceptors will vary greatly, depending on the pH value chosen J gor, 
for making such a comparison. this 

The pH-activity curve obtained for the disappearance of glutathione in | yo | 
the absence of an added y-glutamyl acceptor (Fig. 5) was obtained witha} ma, 
rat kidney homogenate. Similar results were obtained with a purified] the 
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beef kidney enzyme preparation or sheep kidney homogenates. The shape 
of the “hydrolysis” curve, though it resembles those obtained in the pres- 
ence of L-alanine or glycylglycine, seems to taper off more slowly in the 
acid region. This may be a reflection of the interplay of the three types 
of reactions which are postulated to occur (see Equations 1 to 3) and which 
may be masked or suppressed in the presence of an added acceptor. Two 
of these reactions (Equations 2 and 3) postulate the participation in the 
reaction of the amino group of the glutamyl moiety of glutathione. In 
glutathione the pK of this amino group has been assigned a value of 8.66 
and the SH group a value of 9.12 (7), though Calvin (6) has recently 
raised the question as to whether these values should be interchanged (see 
also Benesch and Benesch (3)). If, as suggested by the results with 
t-alanine and glycylglycine, it is the uncharged amino group which par- 
ticipates, then here also it would seem that the increase in the rate of 
disappearance of glutathione which occurs as the pH increases might be 
attributed largely to the increasing participation of the reactions in Equa- 
tions 2 and 3. 

We should clearly state that we have no evidence other than the forma- 
tion of cysteinylglycine or the disappearance of glutathione to present at 
this time for the occurrence of any of the reactions given in Equations 1 to 
3. Evidence for the formation of pyrrolidonecarboxylic acid, as shown in 
Equation 2, was first presented by Woodward and Reinhart (26). These 
workers found that both pyrrolidonecarboxylic acid and glutamic acid 
were formed during the incubation of glutathione with rat kidney extracts. 
The relative amounts of these two compounds formed varied with the pH, 
glutamic acid predominating acid to pH 6.6, and pyrrolidonecarboxylic acid 
predominating on the alkaline side of this pH. Recently Fodor et al. 
(9) have also reported that pyrrolidonecarboxylic acid is a product of 
glutathione breakdown. On the other hand, Hird and Springell (14) re- 
ported that they have not been able to detect pyrrolidonecarboxylic acid 
when glutathione is incubated with sheep kidney preparations. These 
workers state that “glutathione is completely hydrolysed to glutamic 
acid at pH 6.0, 7.4, and 8.5; the completion of the reaction taking longer, 
however, at the higher pH values.” The optimal pH for the conversion of 
glutathione to glutamic acid is reported by them to be 6.0. If pyrrolidone- 
carboxylic acid is not formed and glutamic acid production decreases with 
increasing pH, then the increase in rate of the reaction that we have ob- 
served as the pH increases would have to be attributed to Equation 3. In 
this reaction y-glutamylglutathione would be formed initially. We have 
no knowledge as to whether this compound reacts with alloxan in the same 
manner as glutathione. However, the fact that the alloxan method and 
the manometric method (Table I) yield similar values for the so called 
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hydrolysis reaction at pH 8.6 to 8.7 suggests that, if y-glutamylglutathione 
is present, it is measured as glutathione. 

It should perhaps be mentioned that, in addition to the reactions already 
considered, there is the possibility that some disappearance of glutathione 
as measured by the alloxan method could be brought about by the following 
reaction: 


Glutathione + H.O — y-glutamylcysteine + glycine 


In the alloxan procedure, y-glutamylcysteine is reported (21) to yield only 
16 per cent of the absorption at 305 my as that given by an equivalent 
amount of glutathione. However, Binkley and Nakamura (5) report that 
they were unable to detect y-glutamylcysteine among the breakdown prod- 
ucts formed from glutathione in the presence of rat kidney preparations, 
If glutathione is cleaved in this fashion, then the enzyme responsible is 
present in rat kidney but not in rat liver. We have found that no gluta- 
thione disappearance occurs in the presence of rat liver homogenate within 
the pH range 5.0 to 8.1 as measured by the alloxan method. 


DISCUSSION 


The manometric method described here provides a rapid procedure for 
following y-glutamyl transpeptidase activity near its optimal pH with 
glutathione as the y-glutamyl donor. The method has proved useful for 
the determination of the distribution of the enzyme in the tissues of various 
marine forms (1). It has also been used to follow enzyme activity during 
purification procedures and for the study of the reaction of various amino 
acids and related compounds with glutathione.? The method is, however, 
limited to use in the alkaline region and can be employed only when glu- 
tathione, or possibly y-glutamylcysteine, is used as the y-glutamyl donor. 
In this method the chelation of one of the products of the reaction, cystein- 
ylglycine, may serve to drive the reaction forward, though no evidence 
for this has been obtained. The reasonable agreement in results obtained 
with this method and the alloxan method would suggest that any such 
effect is not a serious one during the initial stages of the reaction. 

The nature of the compound formed between glutathione and alloxan 
which gives rise to the absorption of light maximally at 305 mu in alkaline 
solutions is apparently not known (21). Since cysteinylglycine does not 
react to give a product absorbing in this region, it is apparent that absorp- 
tion is dependent on the presence of the y-glutamy] peptide linkage. In 
this connection it is of interest to note that alkaline solutions of either 
S-acetoacetyl-N-acetyl-thioethanolamine or the 6-ketoacyl derivatives of 
coenzyme A give absorption spectra which yield a maximum in the region 


2 Revel, J. P., and Ball, E. G., unpublished results. 
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303 to 305 my (2, 19, 24). These observations indicate that the configura- 
tion —CH,-COCH:-CO-S-CH,CH:- NH-COCH,—, probably in an ion- 
ized enol form, can give rise to absorption in the region 303 to 305 my and 
suggest that a similar configuration is present in the reaction product 
formed from glutathione and alloxan. 

Besides the quantitative methods described here, we have also investi- 
gated in this laboratory a procedure for the measurement of cysteinylglycine 
formed in the reaction by the use of the Sullivan and Hess method (25). 
We have not had, however, the success with the application of this reaction 
to the quantitative determination of y-glutamyl transpeptidase activity 
that other workers appear to have had (4, 9). Hird and Springell (13) 
have reported the quantitative estimation of transpeptidase activity by 
the use of a modification of the Nakamura and Binkley (20) procedure in 
which cysteine yields a blue color when treated with brucine and persul- 
fate. This method apparently depends upon the conversion of the cys- 
teinylglycine first formed into cysteine by a dipeptidase present in crude 
kidney homogenates. 


SUMMARY 


A manometric method has been described for following the participation 
of glutathione in reactions catalyzed by y-glutamy] transpeptidase which 
is based upon the uptake of carbon monoxide that occurs in the presence 
of ferrous salts by the cysteinylglycine released in the reaction. Data 
have been presented to show that enzyme activity is not affected by the 
conditions of the method. A comparison has been made of the results ob- 
tained by the manometric method with those obtained by measuring the 
disappearance of glutathione by the alloxan method of Patterson and Laza- 
row. The two methods give concordant results under a variety of condi- 
tions. The pH-activity curve of y-glutamyl transpeptidase has been de- 
termined by the alloxan method for the hydrolysis of glutathione and for 
the transpeptidation of glutathione with (1) glycylglycine and (2) t-alanine. 
The position of the pH curve for transpeptidation is shown to vary with 
the pK value of the amino group of the y-glutamyl] acceptor in such a way 
as to indicate the participation of the uncharged form in the reaction. 
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PURIFICATION AND PROPERTIES OF 
FRUCTOSE-1 ,6-DIPHOSPHATASE* 


By LEWIS C. MOKRASCH anp R. W. McGILVERY 


(From the Department of Physiological Chemistry, University of Wisconsin Medica 
School, Madison, Wisconsin) 


(Received for publication, November 16, 1955) 


In previous communications (1, 2), the activation of FDPase! by pro- 
teolytic enzymes and a purification of the enzyme after a preliminary au- 
tolysis, as used by Gomori (3), were reported. A purification without 
autolysis has now been made to enable a study of the nature of the prote- 
dlytic activation of FDPase and to secure a more stable preparation of the 
zyme for investigation of its properties. 


EXPERIMENTAL 


General Methods—Inorganic phosphate was determined by the method 
of Fiske and Subbarow (4), hexoses by the method of Mokrasch (5), a-amino 
nitrogen by the method of Moore and Stein (6), and ammonia with Ness- 
ler’s reagent. Protein was estimated by using 1.5 ml. samples with 6 ml. of 
a biuret reagent containing 230 ml. of 18 to 20 m NaOH, 2.5 gm. of CuSQ,-- 
5H.0, and 50 ml. of 28 per cent ammonia per liter. The use of ammonia, 
suggested by Dr. R. J. Winzler, permits direct estimation of protein in sam- 
ples containing ammonium sulfate. The method is useful with samples 
containing from 5 to 15 mg. of protein. The addition of 1 ml. of 4m ammo- 
nium sulfate, which is a quantity greater than that added with any of the 
samples, increases the optical density by an amount corresponding to 0.8 
mg. of protein. A correction should be made for this effect with samples 
containing more than 2 m.eq. of ammonium ion. The reagent is as sensi- 
tive as, and more stable than, the usual biuret reagents. In more dilute 
samples, protein was measured by the method of Lowry et al. (7). All the 
operations were conducted at 0—4° with cold material unless otherwise spec- 
ified. Centrifugations were made at 3000 X g. 

Purification of FD Pase—Livers from white rabbits which had been fasted 
12 to 24 hours were dispersed with a Waring blendor for 3 minutes in 4 ml. 
per gm. of tissue of 0.05 m sodium lactate, pH 4.00, containing 0.001 m cys- 
* This investigation was supported by grant No. RG-2594 from the National Insti- 
tutes of Health, United States Public Health Service. 

‘The following abbreviations are used: FDP, p-fructose-1,6-diphosphate; FDP- 


ase, fructose-1,6-diphosphatase; EDTA, ethylenedinitrilotetraacetic acid; F6P, 
D-fructose-6-phosphate; and F1P, p-fructose-1-phosphate. 
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teine. The supernatant fluid (Se) obtained by centrifugation for 30 min. 
utes was filtered through glass wool and brought to 2.08 m ammonium 
sulfate, pH 8.50, by the addition of the solid salt and 15m NH,OH. Diree- 
tions for calculating the molarity of the ammonium sulfate have been given 
previously (2). The pH was measured on an aliquot diluted to 0.2 m am- 
monium sulfate, and the amount of NH,OH required may be estimated 
from the formula, pH = 7.29 — log M + log n, where n ml. of 28 per cent 
ammonia are added per liter of M molar ammonium sulfate, and the pH 
is measured at 25°. 

After 15 minutes of slow stirring, the precipitate was removed by centrif- 
ugation for 15 minutes and the supernatant fluid (S;) was raised to 2.65 
by the addition of 3.75 mM ammonium sulfate, pH 8.50. After 20 minutes, 
the precipitated enzyme was collected by centrifugation for 20 minutes, 
drained, and redissolved in 0.15 ml. of water per ml. of So. The solution 
(Rez) was analyzed for ammonia, and the value was used to determine the 
ammonium sulfate concentration after correction for the NH,OH added. 
The solution was then brought first to 1.95 m, pH 8.50, by addition of solid 
ammonium sulfate and 15 m NH,OH, and then to 2.14 m with 3.75 m am- 
monium sulfate, pH 8.50. After 15 minutes of stirring, the precipitate 
was removed by centrifugation for 20 minutes and the supernatant fluid 
(Ss) brought to 2.59 m with 3.75 m ammonium sulfate, pH 8.50, stirred for 
20 minutes, and centrifuged for 30 minutes. If the livers contained exces- 
sive glycogen, a gel-like matrix, which prevented adequate sedimentation, 
formed at this point and spoiled the preparation. 

The precipitated enzyme was dissolved in 0.15 ml. of water per ml. of 
Re, and the solution (R4) was adjusted to pH 7.1 + 0.1 with 50 per cent 
lactic acid. It was heated in a water bath maintained at 60° + 0.5°, with 
brisk stirring, until 5 minutes after its temperature had risen to 58°, and was 
removed and chilled below 10° in ice. The pH was lowered to 5.1 + 0.1 
with 1 M lactic acid. 0.015 ml. of a solution containing 100 mg. per ml. of 
salmine sulfate was added for each ml. of Ry. The salmine sulfate (Kri- 
shell) was purified by three precipitations with alcohol. After 10 minutes 
of stirring, the precipitate was removed by centrifugation for 10 minutes. 
The supernatant fluid (S;) was brought to pH 3.70 + 0.02 with 50 per cent 
lactic acid, stirred slowly for 20 minutes, and then brought to pH 7.7 + 02 
by the addition of 6 mM potassium carbonate. The amount of carbonate was 
previously calculated because too slow an addition caused undesirable 
foaming. 

After removing a precipitate by 10 minutes of centrifugation, an aliquot 
of the supernatant fluid (S.) was tested to determine the amount of 15 ™ 
NH,OH required to bring the pH to 10.49 + 0.02. This amount was added 
with vigorous stirring. Immediately after completion of the addition, the 
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yessel was transferred to an ice-salt bath at —20°. 1 minute after the ad- 
dition of the base was completed, the previously calculated amount of 5 M 
H,SO, at —20° which was necessary to bring the pH to 7.65 + 0.15, was 
added with vigorous stirring. The pH was then adjusted to 7.0 + 0.1 with 
30 per cent lactic acid at 0° and the precipitate removed by centrifugation 
for 10 minutes. 

The supernatant fluid (S7) was analyzed for protein and for ammonia. 
10 mg. of Whatman standard grade cellulose powder were added per mg. of 
protein, followed by solid ammonium sulfate to 3.0 mM. Stirring was main- 
tained for 15 minutes after solution of the salt and the slurry was poured 
oto a cellulose column with a bed 20 cm. long and of such diameter that 
there was 1 ml. of bed volume per mg. of protein. If necessary, the amount 
of protein could be increased at least three times, but the cellulose added 
vith the protein was increased proportionately. The cellulose column was 
prepared as follows. 

Aslurry of cellulose powder in 0.5 M ammonium sulfate containing 0.001 m 
EDTA was packed in portions in the tube by application of 0.5 atmosphere 
of air pressure at the top until the depth was 20 cm. after the bed ceased to 
sontract. Air pockets in the column cannot be tolerated. In the cold, 
).5 bed volume of 3.0 M ammonium sulfate containing 0.001 m EDTA was 
forced through the column until the surface of the bed was just exposed 
and firm. The enzyme sample was then added, the bed depth being in- 
creased approximately 1 cm. 

After the addition of the enzyme, the free liquid was driven into the col- 
umn until the surface was exposed and a tightly fitting disk of filter paper 
was tamped on the surface, care being taken to eliminate air beneath it. 
The column was connected to a mixing flask containing 6 bed volumes of a 
stirred solution of 2.75 M ammonium sulfate, 0.001 m EDTA, and 0.001 per 
cent Pluronic L44.2, The mixing flask was connected to a reservoir of 0.001 
uw EDTA containing 0.005 per cent Pluronic L44. The chelating and sur- 
iace-active agents serve to sharpen the fractions. Air pressure was applied 
to the reservoir and adjusted as necessary to maintain a flow of 5A ml. per 
sq. cm. per hour, where A is the cross sectional area of the column. The 
effluent was collected in 0.05 bed volume fractions. 

The fractions were analyzed for protein, and the largest peak, which 
contained the enzyme, was assayed for FDPase. The fractions included 
in the 80 per cent of the eluted enzyme with the highest specific activity 
were pooled, and this eluate (Eo) was analyzed for ammonia. Typical elu- 
tions from this and the following column are presented in Fig. 1. 

Eo was then passed through a second cellulose column prepared and op- 


* Pluronic L44 is a non-ionic surface-active agent prepared from propylene glycol 
and ethylene oxide by the Wyandotte Chemicals Corporation. 
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erated as was the first, except that its size was adjusted to the lesser amoun 
of protein and all the solutions, including the enzyme-cellulose slurry, wer 
adjusted to pH 7.5. The pooled fractions containing 80 per cent of the 
eluted enzyme with the highest specific activity were concentrated for stor. 
age by bringing the solution to 3.0 M ammonium sulfate with the solid salt, 
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Fie. 1. Elution of protein and FDPase from cellulose columns. A indicates 
enzyme, and P protein. 


Tasie [ 
Purification of Fructose-1 ,6-diphosphatase 











Fraction No. Specific activity Total activity | Recovery 
| units per mg. protein | units | per cent 

So | 1.8 | 14,500 | 100 

Re 15 | 12,000 | 85 

Ra | 25 8,000 | 57 

Ss | 31 | 7,200 | 50 

Ss. 42 6,800 47 

S; 95 | 6,100 | 42 

Ey 400 | 5,800 | 40 

E; | 570 | 4,900 | 32 





collecting the precipitate by centrifugation, and dissolving it in water to 
give a protein concentration of 30 to 50 mg. per ml. The solution (E) 
was stored at —20°. A summary of a typical purification is given in Tabk 
I. The highest specific activity obtained by this procedure was 720 units 
per mg. of protein. 

Attempts at crystallization of the enzyme failed even though the prepar 
tions were nearly homogeneous both in behavior on elution and in electro 
phoretic mobility. Attempts were made with ammonium sulfate at pi 
5.5, 7.5, or 8.5, with ammonium sulfate containing 0.005 m FDP, Mg*. 
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Mn**, Hg**, or cysteine at pH 5.5 or 8.5, with magnesium chloride, and 
with magnesium acetate or ammonium acetate as precipitating agents. 
The last three salts would not precipitate the enzyme. Phosphatases as a 
class appear to resist crystallization. 

Assay—The assay of FDPase was conducted as previously described 
(1, 2), except that serine buffer, pH 9.40, was used. Final concentrations 
of 0.0025 M magnesium sulfate, 0.0005 m manganous sulfate, and 0.003 m 
cysteine gave maximal activity through the 8; stage of purification, and 
0.0005 M magnesium sulfate, 0.0005 m manganous sulfate, and 0.003 Mm cys- 
teine gave maximal activity with purer fractions. The FDP used in the 
assay was prepared from the cyclohexylammonium salt (8) with a sodium 
Dowex 50 column. The mixture of the three activators, the buffer, and 
the enzyme was incubated for 5 minutes at 0° before the reaction was started 





oe ae Ge ee ae ee ee 








Fig. 2. Lineweaver-Burk plot of effect of metal ions on FDP hydrolysis by FDP- 
ase. The velocity of the enzymatic reaction was determined in the presence of vary- 
ing concentrations of the metallic ions shown. 


by the addition of FDP. 1 unit of enzyme (2) releases 1 umole per hour of 
inorganic phosphate from FDP under the assay conditions. 

Properties of FDPase—The stability of the enzyme with changing pH 
values was determined at 50°. After incubation for 30 minutes in 0.05 m 
buffers as indicated, over 90 per cent of the activity remained in acetate, 
pH 4.7, or glycine, pH 10.0, but less than 10 per cent in lactate, pH 3.1, 
or lysine, pH 11.4. 

The enzyme had maximal FDPase activity at pH 9.5 under the assay 
conditions, as did the autolyzed enzyme (2, 3), and had approximately 30 
per cent of maximal activity at pH 7.0 or 11.0. The activity fell to zero 
at pH 4.2 or 11.4, the upper limit apparently being defined by the increas- 
ing instability of the enzyme. 

The effect of metal activators is summarized in Fig.2. Although 0.001 m 
Mn** alone was as effective as was the activator mixture used in the assay, 
this was not true with the autolyzed enzyme (2), and the mixture provided 
a safety factor. Owing to competition, the optimal concentration of each 
metal in a mixture was less than its optimum when used alone. 
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The action of some inhibitors is summarized in Table II. The reversg| 
by cysteine of the inhibition by sulfhydry] reagents was not affected by the 
order of addition. The inhibition by F6P, but not by F1P or inorganic 
phosphate, suggests that the greater affinity of the enzyme is for the 6-phos. 
phate position of FDP. The accumulation of the end-product of the enzy. 
matic reaction could exert only a slight control on the physiological fune. 


Tase II 
Effect of Inhibitors on Fructose-1 ,6-diphosphatase 


The concentration of both Mg**+ and Mn*+ was 0.0005 m when used together, 
Mg** was 0.0015 m and Mn** 0.001 m when used singly. Cysteine was 0.003 m except 
where noted. 











Inhibitor | Inhibition Cofactors 
| per cent 

0.005 m NaCn | 0.0 | Mg or Mn 
0.005 ** NaF / 0.0 “« 4+ “ + cysteine 
0.005 ce cc 50 “oc 
0.0001 m NaF | 23 « 
0.0001 n I, | 100 * eee 
0.0001 ‘* “ 98 “4+ “ + cysteine 
0.005 m p-chloromercuribenzoate | 100 - a 
0.005 ‘‘ - | 94 “« + “ + cysteine 
0.0001 m - 63 oa 
0.0001 *“* - ; Il “« + “ + cysteine 
0.001 m HgCl, | 100 “ or “ 
0.001 ‘ sg | 30 “« 4+ “ + 0.012 m cysteine 
0.10 m fructose 5 “« 4+ + eysteine 
0.10 ‘* glucose | 0.0 wie eee 
0.005 m F1P | 0.0 Cg ” 
0.005 “« F6P | 22 “4 *4 * 
0.010 ‘* NasHPO, 0.0 ee. Se alee " 
0.010 ‘* cystine 0.0 ‘© or Mn 
0.005 ‘‘ mucic acid | 5 “ 4+ “ + cysteine 





tion of the enzyme. Fluoride was without effect when Mn++ was included 
in the medium. The absence of any effect by cyanide invalidates the pro- 
posal of Gomori (3) for distinguishing FDPase from other alkaline phos- 
phatases with this reagent. 

Proteolytic Activation—Twice crystallized papain (Worthington Biochem- 
icals), incubated with FDPase according to the conditions of Kimmel and 
Smith (9), caused an increase in the activity of the phosphatase. The 
changes are summarized in Fig. 3. If the papain or its EDTA-cysteine 
activator was omitted, no measurable change in a-amino nitrogen or pro- 
tein occurred, and the activity of the FDPase declined 2 to 3 per cent during 
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the incubation. For comparison, autolyzed FDPase was prepared (2), 
and electrophoretic analyses of the autolyzed enzyme, the non-autolyzed 
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Fic. 3. Effect of papain on FDPase. 0.04 mg. of papain was incubated with 2.2 
mg. of FDPase per ml. of a medium containing 0.001 m EDTA, 0.005 m cysteine, and 
0.05 m citrate, pH 5.5, at 38°. Aliquots were removed at various times and the 
FDPase activity was determined. 
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Fig. 4. Electrophoretic patterns of FDPase preparations. 1,non-autolyzed prep- 
aration at pH 8.60; 2, non-autolyzed preparation at pH 4.00; 3, non-autolyzed prep- 
aration at pH 8.60 after treatment with papain; 4, non-autolyzed preparation at pH 
4.00 after treatment with papain; 5, autolyzed preparation at pH 8.60; 6, autolyzed 


preparation at pH 4.00. The starting boundary is at the right margin of each dia- 
gram. 


Fig. 5. Variation in electrophoretic mobility of components of FDPase. The 
components are those designated by the same letters in Fig. 4. 


enzyme, and the non-autolyzed enzyme treated with papain were made in 
the Antweiler microelectrophoretic apparatus at 3.8° + 0.1°- 1.5 to 2.0 
mg. samples of enzyme were dialyzed in the special cells of the apparatus 
for at least 5 hours against 2000 volumes of a buffer containing 0.1 m glu- 
cose and then diluted to 0.25 ml. with the buffer. The buffer was ammo- 
nium acetate, ionic strength 0.10 at pH 8.60, and 0.05 at lower pH values, 
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Analyses were made by interferometry. The results are presented in Fig. 4 
and the variation of mobility with pH is shown in Fig. 5 for the various 
components designated by the letters in Fig. 4. Two minor components 
of the non-autolyzed enzyme appeared at pH 8.6, with the major peak con- 
stituting 88 to 90 per cent of the pattern area throughout the pH range, 
Treatment with papain caused the appearance of other components and a 
shift in the mobility of the main peak, which then had a mobility and an 
isoelectric point closely approximating that of Component I of the auto- 
lyzed preparation. 

The rélative specificity of the enzyme is altered by papain (Table III), 
The ratio of activity with F1P to that with FDP is six times higher with 


TaB_e III 
Specificity of Fructose-1,6-diphosphatase 
The activity of a non-autolyzed FDPase preparation before and after treatment 
with papain under the conditions described in Fig. 3 is shown as the fraction of the 
activity of the untreated enzyme on FDP. All the substrates were 0.005 m. 











Relative hydrolysis 
Substrate 
Before papain After papain 
it tae, Set ta Sa Sens p ORS 1.00 1.95 
ORR Re eee eee a ae 0.06 0.05 
NB Monae collin: s sped dei oO Pea 0.00 0.00 
se Sct rt tibia eelesliies weds 0.00 0.00 
ode ns. vatevals 0 sin ER AS. 0.00 0.00 
Phenyl phosphate. .... i, 0.00 0.00 
B-Glycerophosphate..................... 0.00 0.00 











the non-autolyzed preparation than it is with the autolyzed enzyme (2), 
and the ratio is lowered by the treatment with papain. 


DISCUSSION 


The product of FDPase action has been shown to be F6P (10,11). Some 
preparations of the autolyzed enzyme acted on FDP to yield products with 
high acid-labile phosphate (2), but this effect has not been encountered 
since and must be ascribed to occasional accidental concentration of other 
enzymes reacting with FDP or F6P. 

The point of primary interest is the change of activity in the enzyme 
caused by proteolysis, and the possible physiological réle of this effect will 
be the subject of a later communication. The unfortunate polydispersity 
of the autolyzed enzyme makes it difficult to decide which peak represents 
FDPase. The similar properties of the main peak of the non-autolyzed 
preparation and of Component I of the autolyzed enzyme tempt a sug 
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gestion that they are the same, but the data do not stand as proof of the 
suggestion. In addition to the data presented to indicate the changes in 
the properties of FDPase by autolysis or treatment with papain, it is also 
noteworthy that alumina Cy adsorbs non-autolyzed FDPase only slightly, 
whereas it readily adsorbed the autolyzed enzyme (2). 

The data indicate that FDP is bound to the enzyme most strongly by 
its 6-phosphate group, with the lesser importance of the carbon skeleton 
suggested by the lower affinity and activity of FIP. The proteolytic in- 
crease in activity toward FDP but not toward F1P may indicate an alter- 
ation in the binding of the 6-phosphate or the uncovering of a second active 
site of more rigid specificity. 

If the most active FDPase preparation obtained, with a specific activity 
of 720 units mg.-', was treated with papain and the expected doubling of 
the enzymatic activity and halving of the protein concentration were ob- 
tained (Fig. 3), the resultant enzyme would cleave over 4000 moles of FDP 
per 100,000 gm. of protein per minute. 


SUMMARY 


A purification of fructose-1 ,6-diphosphatase without autolysis has been 
made. The properties of the enzyme, including the alteration in its prop- 
erties and activity by the action of papain, are reported. 
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A STUDY OF TWO YEAST PROTEINASES* 


By JAMES F. LENNEY{ 


(From The Fleischmann Laboratories of Standard Brands Incorporated, 
Stamford, Connecticut) 


(Received for publication, November 22, 1955) 


Autolysis is a procedure frequently employed in the isolation of materials 
from yeast. Although the intracellular yeast proteinases play an impor- 
tant réle in autolysis, these enzymes have not been characterized by using 
up to date methods of analysis, and the existing literature concerning yeast 
proteinases presents conflicting results. In 1917, Dernby (1) reported that 
yeast contains two proteinases, a “pepsin” and a “tryptase.” The pres- 
ence of two proteinases was indicated mainly by the fact that a yeast au- 
tolysate showed two pH optima for gelatin liquefaction; namely, at pH 4.5 
and pH 7.0. In 1926-28, Grassmann, Willstaétter, and coworkers pub- 
lished a series of papers on the proteolytic activity of yeast (2-4). These 
authors concluded that there is only one proteinase in yeast. This enzyme 
was reputed to be of the papain type with an optimal pH of 5.0 as meas- 
ured by an alcoholic KOH titration of gelatin hydrolysis (4). However, 
in 1936, Hecht and Civin (5) claimed that yeast contains a “pepsin” which 
displays optimal activity at pH 1.8. 

In the present paper, the separation and partial characterization of two 
individual yeast proteinases are described. One has an optimal pH 
of about 3.7 and is rapidly denatured by urea. The other has optimal ac- 
tivity at pH 6.2 and may be activated by concentrated urea solutions. 


EXPERIMENTAL 


Most of the analyses for proteinase activity were made according to the 
method of Anson (6) with slight modification. Both acid-denatured hemo- 
globin and alkaline urea-denatured hemoglobin substrates were employed. 
The former substrates contained 2 per cent hemoglobin with 0.07 N citrate 
asa buffer. The latter contained 2 per cent hemoglobin, 6.6 m urea, 0.07 N 
acetate, 0.07 N phosphate, and 0.07 n borate as a universal buffer. 1 ml. 
of enzyme solution was added to 5 ml. of substrate and the mixture was 
incubated for 10 or 20 minutes at 30°. 10 ml. of 0.3 Nn trichloroacetic acid 
were added and the digestion products in the filtrate were measured either 

* Presented before the 119th meeting of the Division of Agricultural and Food 
Chemistry, American Chemical Society, Cleveland, April 8 to 12, 1951. 


+ Present address, Research Laboratory, Union Starch and Refining Company, 
Granite City, Illinois. 
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by reaction with the Folin-Ciocalteu reagent or by reading the absorption 
of the filtrate at 280 my. Both of these procedures for measuring the di. 
gestion products were employed in this investigation and gave similar re. 
sults. Aliquots of crude yeast preparations were adjusted to the pH of the 
substrate immediately before analysis. 

Protein concentrations were measured by the method of Robinson and 
Hogden (7), twice recrystallized pepsin being used as a reference protein. 


Results 


Autolysis and Purification—The procedure employed for extraction and 
partial purification of the yeast proteinases is outlined in Table I. The 
best yields of these enzymes were obtained when the initial autolysis was 
carried out at pH 7.0 to 7.6. Toluene, dioxane, and glycerol were also used 
to plasmolyze the yeast, but the subsequent autolysate showed little or no 
proteinase activity. Ethyl acetate autolysates yielded only about 50 per 
cent of the activity obtained with chloroform or ether. The majority of 
proteinase A present in the whole autolysate is in an insoluble condition 
and does not appear in the supernatant liquid (Step 2). 

The pH-activity curve of the supernatant liquid obtained in Step 2 can 
be seen in the lower curves of Fig. 1. Curve A is the pH-activity curve ob- 
tained by using hemoglobin substrates containing no urea. Curve B rep- 
resents the activity of the autolysate against urea-denatured hemoglobin. 
Evidence presented below indicates that Curves A and B are primarily man- 
ifestations of two different proteinases which, for the sake of brevity, will 
be referred to as proteinases A and B, respectively. 

There are several peculiarities about Curves A and B which should be 
noted. (1) It was found that proteinase A is almost instantaneously de- 
stroyed by 5.5 m urea at pH 2.0 to 4.0. Therefore, this enzyme has little or 
no effect on the urea-containing substrates in this pH region; (2) the de- 
cline of Curve A above pH 3.8 is caused by the fact that the hemoglobin is 
not in a denatured form in the absence of urea in the higher pH range (8). 
Although there is considerable yeast proteinase activity against denatured 
hemoglobin in the region of pH 6 to 9, native hemoglobin is resistant to 
proteolysis in this range; (3) the peak at pH 5 in Curve B is caused by a 
rapid activation of proteinase B by the 5.5 m urea present in the hydrolysis 
mixture during analysis. In the following section, the fact that urea acti- 
vates proteinase B at pH 5, but not at pH 4 or 6, is illustrated. 

Similar pH-activity curves were displayed by autolysates of four differ- 
ent strains of Saccharomyces cerevisiae: two of bakers’ yeast grown in pure 
culture! and a top and a bottom brewers’ yeast. Similar curves were also 


1 Kindly supplied by Dr. A. 8. Schultz of these Laboratories. 
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TaBLe I 
Purification of Yeast Proteinases 


800 gm. of compressed Fleischmann’s bakers’ yeast were plasmolyzed with 400 
ml. of chloroform or ether. After 30 to 60 minutes, 1.2 liters of water were added 
and the pH was adjusted to 7.0 with NaOH. (No proteinase activity was detectable 
at this stage.) After autolysis for 18 hours at 25°, the suspension was centrifuged and 
the supernatant solution adjusted to pH 5.0 and allowed to stand under toluene for 
18 hours at 25°. 2 volumes of 95 per cent ethanol were added gradually at about 
10°, and the resulting precipitate was dried in vacuo over CaCle. The activities are 
expressed in terms of the micrograms of “‘tyrosine”’ produced per 5 ml. of trichloro- 
acetic acid filtrate after a 10 minute digestion period at 30°. Proteinase A was meas- 
ured by using acid-denatured hemoglobin at pH 3.5; proteinase B was measured by 
using urea-hemoglobin substrates at pH 6.2. 
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Fia. 1. Change in the pH-activity curves of yeast proteinases which occurred 
when supernatant liquid of a crude bakers’ yeast autolysate was incubated at pH 
5 for 18 hours at 25°. The substrates employed for Curves A contained no urea, 
whereas those used for Curves B contained 6.6 M urea. The lower curves (A and B) 
represent the activity of the autolysate before incubation; the upper curves (A’ 
and B’) represent the activity of the same autolysate after incubation. 
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obtained with an autolysate of a strain of Saccharomyces mangini. The 
remainder of the data reported here was obtained by using autolysates of 
Fleischmann’s compressed yeast for bakers. 

In Table I, when the supernatant liquid from the autolysate was adjusted 
to pH 4.5 to 5.0, a heavy precipitate formed and much of the proteinase 
activity was found in the precipitate. The enzymes are merely adsorbed 
on the inert precipitate, since purified proteinase preparations are com- 
pletely soluble at pH 4.5 to 5.0. This precipitate is not removed and usu- 
ally disappears gradually during incubation at pH 5. During overnight 
incubation at pH 5, a remarkable self-purification of the proteinases takes 
place. An activation occurs at this pH and the total amount of proteinases 
A and B activity increases about 3- to 4-fold. In addition, it has been 
found that the proteinases digest the inert proteins of the autolysate 
most rapidly at pH 5. Thus the activity per mg. of protein increases 
10- to 20-fold. Further purification has been obtained by dialysis and by 
alcohol, acetone, or ammonium sulfate precipitation of the activated autol- 
ysate. The proteinases may be precipitated from the supernatant liquid 
of the autolysate with 63 per cent ethanol before activation to obtain a 
stable dry preparation which may be activated subsequently by incubation 
at pH 5. 

The specific activity of proteinase B in the alcohol precipitate (Table I) 
is about 5 per cent of that of crystalline trypsin. The amount of activated 
proteinase B which is obtainable from 1 gm. of compressed bakers’ yeast is 
equivalent to about 0.1 mg. of trypsin. 

Activation of Yeast Proteinases—The top curves of Fig. 1 illustrate the 
pH-activity curves of proteinases A and B after the activation at pH 5 men- 
tioned above. The optimal pH for activated proteinase B is now approxi- 
mately pH 6.2. The peak at pH 5 disappeared because this enzyme was 
activated and the urea in the pH 5 substrate could not cause additional 
activation. 

The rate of activation of the yeast proteinases depended upon the pH at 
which the autolysate was incubated. The effect of pH on the activation 
of proteinases A and B is illustrated in Fig. 2. The optimal pH for the 
activation of proteinase A was about 4.9, whereas the optimal pH for the 
activation of proteinase B was about pH 4.4. At pH 3.8 to 4.3, proteinase 
B could be activated without any increase in the amount of proteinase A 
activity. 

The rate of activation of proteinase B was increased by the presence of 
calcium ions. In an experiment in which an unactivated preparation was 
incubated at pH 5, the presence of 1 per cent CaCl, not only increased the 
activation rate but also increased greatly the total amount of proteinase B 
formed. Calcium ions are known to have a similar effect on the conversion 
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of trypsinogen to trypsin (9). The rate of activation of proteinase B was 
not increased by 0.1 m cyanide or 0.0004 m cysteine. 
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Fic. 2. The extent of activation of the yeast proteinases as a function of pH. 
Four aliquots of an unactivated autolysate were incubated at four different pH values 
at 30°. After 60 and after 127 minutes, each aliquot was analyzed for proteinase A 
and proteinase B activity, acid-denatured hemoglobin at pH 3.5 being used as sub- 
strate for proteinase A, and urea-denatured hemoglobin at pH 6.2 as substrate for 
proteinase B. 
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Fie. 3. The effect of 3 m urea on the proteinase B activity per ml. of an unactivated 
yeast autolysate. Aliquots of the autolysate were incubated at 30° and the protein- 
ase B activity was measured at intervals by withdrawing 1 ml. aliquots and incu- 
bating for 10 minutes with 5 ml. of the urea-hemoglobin substrate at pH 6.2. 


It was found that concentrated urea solutions greatly accelerated the 
rate of activation of proteinase B at pH 5 (Fig. 3). The maximal activa- 
tion in a 20 minute period was obtained with 3 m urea at pH 4.8. Pro- 
teinase B was also rapidly activated at pH 4.4 by 3m urea. However, the 








924 YEAST PROTEINASES 


dest: iction by urea was faster at this pH and prevented the attainment . 
greater activation. At pH 6.2 there was no apparent activation, only 
gradual destruction by urea. Urea concentrations from 1.0 mM to 6.0 mM wer 
found to activate proteinase B in 30 minutes at pH 5, the maximal activa. 
tion occurring in 3 M urea. These results explain the sharp peak at pH 5 
in the pH-activity curve of an unactivated proteinase B preparation. 
Enzyme Calibration Curves—When activated proteinase B was exposed 
to 5.5 M urea at pH 5.0, 6.2, and 7.5, the enzyme was found to be inactivated 
appreciably in 20 minutes at 30°. Since the proteinase B substrates con- 
tain 5.5 M urea during digestion, it was therefore expected that the enzyme 
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Fig. 4. Calibration curves of activated yeast proteinases at various pH values. 
An alcohol precipitate, similar to that in Table I, Step 4, of an activated autolysate 
was used. The activity of proteinase A was measured with acid-denatured hemoglo- 
bin at pH 3.5. For proteinase B, urea-denatured hemoglobin at pH 5.0, 6.2, and 75 
was employed. 


would be destroyed gradually during incubation with the substrate; in fact, 
digestion rate curves showed that the rate of hemoglobin decomposition at 
pH 5.0, 6.2, and 7.5 decreased gradually during a 20 minute digestion period. 

In order to measure accurately proteinase activities under these condi- 
tions, it was necessary to employ enzyme calibration curves. Fig. 4 shows 
the relationship between the amount of enzyme employed and the digestion 
products from the action of proteinase A at pH 3.5 and proteinase B at pH 
5.0, 6.2, and 7.5. The extent of digestion was proportional to the enzyme 
concentration only at the lower enzyme levels. Therefore, in order to ob- 
tain a true measure of the amount of proteinase in a given preparation, cal- 
ibration curves were employed throughout this work in the manner de- 
scribed by Anson (6). 

Effect of Sulfhydryl Reagents on Yeast Proteinases—p-Chloromercur- 
benzoate (pCMB), which is a specific reagent for sulfhydryl groups (10), 
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js been found to inactivate yeast proteinase B, but to have no effect’ pon 
jroteinase A (Fig. 5). Curves similar to those in Fig. 5 were also obtained 
when higher levels of pCMB were employed, and when the exposure to this 
reagent was carried out at other pH values between pH 4.5 and 7.0. The 
residual activity against urea-containing substrates between pH 5 and 7 
may be attributable to proteinase A, which may be more resistant to the 
urea in the substrates in this pH range, although it was inactivated immedi- 
ately by urea at lower pH values. A preparation of proteinase B containing 
no proteinase A was found to be inactivated completely by pCMB. The 
activity removed by this reagent may be restored by the addition of NaCN. 
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Fic. 5. The effect of p-chloromercuribenzoate on yeast proteinases. The solid 
lines represent the pH-activity curves of an activated preparation of proteinases A 
and B. After incubation in a solution containing 0.001 m p-chloromercuribenzoate 
at pH 5 for 60 minutes at 25°, the preparation showed pH-activity curves represented 
by the broken lines. 


Although proteinase B appears to contain essential SH groups, these 
groups differ from those of papain. Cyanide or cysteine must be present; 
otherwise papain cannot attack hemoglobin (6). These compounds were 
without effect on the splitting of hemoglobin by yeast proteinases. In ad- 
dition, iodoacetate, which inactivates papain, had no effect on the yeast 
proteinases. 

It was found that 0.15 mg. per ml. of purified ovomucoid (Worthington 
Biochemical Laboratories) had no effect on proteinase A, but caused a 40 
per cent inhibition of proteinase B. Crude soy bean extracts which were 
active against trypsin had no effect on either yeast proteinase. 

Thermostability of Yeast Proteinases—The effect of pH on the stability 
of yeast proteinases at 50° was studied. Distinct pH-stability curves were 
obtained; proteinase A was most stable at pH 4.8, while proteinase B was 
most stable around pH 5.7. Fig. 6 represents the effect of heating aliquots 
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of an activated preparation at pH 4.0 and at pH 7.1 on the pH-activity 
curves of the yeast proteinases. The aliquot heated at pH 7.1 was entirely 
freed of proteinase A, while retaining about half of proteinase B. When 
this heated aliquot was treated with pCMB, it was completely inactivated, 
The aliquot heated at pH 4.0 retained most of its proteinase A activity and 
a small residual activity against urea-hemoglobin substrates at pH 5 to 7, 
The pH-activity curve of this aliquot was unaffected by pCMB. Thus, 
the effect of heating at pH 4 was similar to the effect of pCMB on the yeast 
proteinases. 

Action on Other Proteins—pH-activity curves for the splitting of other 
proteins by unactivated and by activated preparations of yeast proteinases 
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Fig. 6. pH-activity curves of an activated yeast proteinase preparation before 
and after heating aliquots at pH 4.0 and at pH 7.1 for 20 minutes at 50°. @, activity 
against acid-denatured hemoglobin; O, activity against urea-denatured hemoglobin. 


were determined. The methods employed were identical to those used 
with hemoglobin. The pH-activity curves of unactivated and activated 
preparations with urea-denatured ovalbumin or pumpkin-seed globulin 
(Difco) as substrate were similar to the curves obtained with hemoglobin 
(Fig. 1). The splitting of twice crystallized ovalbumin by unactivated 
yeast proteinases showed an additional peak at pH 7.8 (Fig. 7). It is pos- 
sible that this peak represents the activity of a third yeast proteinase. Na- 
tive ovalbumin was not attacked at any pH between 2 and 9, except fora 
slight hydrolysis in the region of pH 3.0, presumably attributable to pro- 
teinase A. 

When urea-denatured lysozyme, fibrinogen (Armour), or casein was em- 
ployed as substrate, unactivated yeast preparations did not show any peak 
at pH 7 to 8 in the pH-activity curves (Fig. 7). A curve (not shown) was 
determined by using fibrinogen substrates containing no urea. The activ- 
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ity increased steadily from pH 4 to 9, reflecting only the increased denatura- 
tion and vulnerability of the fibrinogen at higher pH values. 
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Fic. 7. Broken line, ovalbumin hydrolysis by an unactivated yeast proteinase 
preparation as a function of pH. The substrates were similar to the urea-hemoglobin 
substrates, containing 2 per cent recrystallized ovalbumin (11) and6.6murea. Solid 
lines, hydrolysis of urea-denatured lysozyme by a yeast autolysate as a function of 
pH. The lower curve was obtained with an unactivated preparation and the upper 
curve with the same preparation after partial activation. The substrates contained 
6.6 M urea and 2 per cent lysozyme prepared by adsorption on bentonite (12). 
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Fig. 8. The hydrolysis of casein by an activated yeast proteinase preparation as 
afunction of pH. These substrates contained 2 per cent Difco isoelectric casein and 
no urea. Varying amounts of casein were insoluble in the range of pH 2.0 to 5.6. 


When casein substrates containing no urea were employed, the pH-activ- 
ity curve in Fig. 8 was obtained. Although this curve applies to an acti- 
vated preparation, it is similar to the pH-activity curves for an unacti- 
vated preparation with hemoglobin substrates (Fig. 1). When the enzyme 
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solution used in Fig. 8 was treated with pCMB, the activity below pH 4 was 
unaffected, while the activity above pH 5 was practically abolished. The the 
shape of the curve in Fig. 8 has a limited significance, however, because the 
casein digestibility is probably partially influenced by the effect of pH on 
the degree of solubility of the casein. When casein substrates were used, pk 
the peaks at pH 2.7 and 5.5 increased greatly during the activation process, 


DISCUSSION of 


Proteinases A and B probably represent the two proteinases described by of 
Dernby (1) in 1917. A preparation made by Dernby’s procedure gave a 


pH-activity curve similar to the lower curves of Fig. 1, and this prepara- = 
tion underwent activation during the subsequent dialysis step employed by tin 
Dernby. pre 

Grassmann, Willstatter, and coworkers stated that yeast contains only sail 


one proteinase, a papain-like enzyme (2-4). Using gelatin as a substrate, (1: 
they reported an optimal pH of 5.0, optimal activation at pH 7, rapid acti- 
vation by cyanide, and relative instability at pH 5.0. None of these prop- B 
erties agrees with the findings reported here. Grassmann et al. used an 


‘ . a COR 
alcoholic KOH titration procedure to measure the gelatin hydrolysis; this hit 
method is a measure of the combined activity of proteinases and peptidases, pre 
It appears likely that the preparations used by Grassmann et al. contained oes 


peptidase activity, and some of the properties attributed to proteinase ac- 
tion were actually manifestations of peptidase activity. These authors r 
state that they had freed their proteinase of known peptidases. However, the 
additional peptidases have since been found in yeast (13). 

As pointed out by Northrop and Kunitz (14), the aleoholic KOH method 
of proteinase analysis is insensitive as well as non-specific. Because of this r 
insensitivity, Grassmann et al. employed a 24 or 48 hour digestion period Rs 
at 40° in the analysis of their samples. We have found rapid inactivation 
of proteinases A and B below pH 3.5 and above pH 6.5 at 40°. There- | ,,, 
fore, the optimal pH found under these conditions is primarily a reflection 
of the optimal pH for stability. hen 

Hecht and Civin (5), employing Anson’s pepsin substrate, claimed the} ~~ 
discovery of a yeast “pepsin” with optimal activity at pH 1.8. These 


authors added a concentrated yeast autolysate to the unbuffered hemo | .,; 
globin-HCl solution at pH 1.8. When this procedure was repeated here, | ,,,, 
it was found that the actual pH during hydrolysis was pH 3.0 to 4.0, which dig 
is approximately optimal for proteinase A activity. When the pH during pre 


digestion was controlled carefully, autolysates prepared by the method of] ,. 
Hecht and Civin displayed normal pH-activity curves similar to those in} 7), 
Fig. 1. They also reported that dilution or dialysis of an autolysate inacti- 


ina 
vated yeast “pepsin.” These findings are explained by the fact that diluted r 
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or dialyzed autolysates have less effect on the pH of the pepsin substrate; 
the actual pH during hydrolysis would be closer to pH 1.8 and therefore 
less proteinase A activity would be manifested. 

None of the substrates employed in this investigation yielded continuous 
pH-activity curves which represented a valid measure of the effect of pH 
on hydrolysis rate. Native proteins are unsatisfactory substrates because 
of the effect of pH on the degree of insolubility or denaturation. Urea- 
containing substrates are also unsatisfactory because of the marked effect 
of urea in the destruction of proteinase A at pH values below 4.0 and the 
activation of proteinase B at pH 5.0. Nevertheless, all of the urea-dena- 
tured proteins employed as substrates showed approximately the same op- 
timal pH for activated proteinase B. Since the isoelectric points of these 
proteins varied from 4.6 to 10.5, the optimal pH appears to depend on the 
nature of the enzyme rather than on the charge on the substrate molecule 
(15). 

The effect of concentrated urea solutions on the activation of proteinase 
B is an unusual phenomenon. It may be caused by acceleration of the 
conversion of a zymogen to the active enzyme or by denaturation of an in- 
hibitor present before activation. A similar activation, the conversion of 
protyrosinase to tyrosinase by 2 Mm to7 M urea, has been reported by Bodine 
and Allen (16). 


The author wishes to express his appreciation to Dr. Sutton Redfern for 
the helpful interest shown in this investigation. 


SUMMARY 


Two different proteinases have been obtained from bakers’ yeast and 
have been partially characterized. Proteinase A is extremely labile in urea 
solutions and has an optimal pH of 3.7 for the splitting of acid-denatured 
hemoglobin. Proteinase B exhibits an optimal pH of 6.2, urea-denatured 
proteins being used as substrates. Proteinase B contains essential sulf- 
hydryl groups, whereas proteinase A does not. 

These enzymes are liberated simultaneously from the yeast cell by chloro- 
form or ether autolysis. When the supernatant solution from this autoly- 
sate is incubated overnight at pH 5, the activity per ml. of proteinases A 
and B increases 300 to 400 per cent. During this process, these proteinases 
digest 70 to 80 per cent of the other proteins in the autolysate. At pH 4.3 
proteinase B may be activated independently of proteinase A. The rate of 
activation of proteinase B is increased greatly by concentrated urea at pH 5. 
These proteinases have different pH-stability curves, so that they may be 
inactivated selectively by heat treatment. 

The activity of the yeast proteinases in hydrolyzing various native and 
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denatured proteins was measured as a function of pH. Four different 
strains of Saccharomyces cerevisiae were examined and all were found to 
contain these two proteinases. These findings are compared and correlated 
with those of previous investigators. 
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There is a considerable body of biological data linking testosterone and 
other 19-carbon steroids with the estrogens. Both ovaries and testes may, 
under certain circumstances, produce androgens and estrogens (1-4). The 
administration of testosterone and other androgens to human subjects leads 
to an increased urinary excretion of estrogenic material (5-10), which has 
been identified as estrone, estradiol, and estriol (11). These observations 
suggest a possible conversion of 19-carbon steroids to phenolic estrogens. 

Studies on the biosynthesis of steroid hormones have indicated that cho- 
lesterol can serve as a precursor of progesterone (12) and the adrenal cortical 
steroids (13). There is, however, some evidence that cholesterol is not a 
necessary intermediate in these biological syntheses (14). The conversion 
of cholesterol to estrogenic steroids has not been demonstrated. Heard et 
al. isolated C'*-estrone from the urine of a pregnant mare to which CH;C*- 
OONa was administered intravenously (15), but found no C" in the urinary 
estrone after cholesterol-4-C' was given by the same route (16). 

Recently Heard et al. have reported the excretion of C'*-labeled estrone 
by a pregnant mare to which C-labeled testosterone was administered (17). 

This paper reports the results of an experiment in vitro carried out to 
study the possible biochemical conversion of testosterone to estrogenic 
steroids by human ovarian tissue. 


* This work was supported by grants from the National Cancer Institute, United 
States Public Health Service (grant No. C-1393(C,C2)), the American Cancer Society, 
upon recommendation by the Committee on Growth of the National Research Coun- 
cil, and the Jane Coffin Childs Memorial Fund for Medical Research. 

This is publication No. 874 of the Cancer Commission of Harvard University. A 
preliminary report of this investigation was presented at the meeting of the American 
Society of Biological Chemists at its Forty-sixth annual meeting at San Francisco, 
April 11-15, 1955 (Federation Proc., 14, 175 (1955)). 
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CONVERSION OF TESTOSTERONE TO ESTRADIOL 


EXPERIMENTAL 


Determination of Radioactivity—All samples for radioactivity analysis 
were plated directly in stainless steel counting dishes (1 inch in diameter, 
ys inch in depth). The counts were then determined in a Tracerlab SC-16 
windowless flow counter operated in the Geiger region. All counts are at 
infinite thinness with no more than 1 mg. being plated in any instance. 

Determination of Estrogens—The counter-current distributions were ana- 
lyzed for estrogen by the method of Engel et al. (18), based on fluorescence 
in H.SO,. A Farrand photofluorometer was employed for the measurement 
of fluorescence. 

Tissue Incubation—Both ovaries were removed surgically from a 34 year- 
old woman with cervical carcinoma. The operation took place near the 
middle of a menstrual cycle. Grossly the ovaries appeared normal, and 
one contained a well developed follicle. 

The ovaries were sliced by hand to a thickness of about 0.5 mm. and 
added to the incubation medium in a 125 ml. flask. The medium consisted 
of 20 ml. of human plasma, to which had been added 90 mg. of glucose, 0.18 
mmole of citric acid, 0.02 mmole of sodium fumarate, 500 units of chorionic 
gonadotropin (A. P. L.; Ayerst, McKenna and Harrison), 500 units 
of equine gonadotropin (Equinex; Ayerst, McKenna and Harrison), and 
0.23 mg. of testosterone-3-C" (total of 550,000 c.p.m.), previously dissolved 
in 0.1 ml. of propylene glycol. The flask was filled with Oz, closed, and in- 
cubated at 37.5° with shaking for 3 hours. At the end of the incubation 
period, the mixture was frozen and kept until processed. 

Extraction and Preliminary Fractionation—The tissue and medium were 
thawed, and 2 mg. each of estrone, estradiol,! and estriol were added as car- 
riers. 2 volumes of hot acetone were added, and the mixture was shell- 
frozen and dried from this state. The dry tissue was extracted for 4 hours 
in a Soxhlet extractor with chloroform. 

The chloroform was removed in vacuo, and the extract was dissolved in 
50 ml. each of pentane and 90 per cent methanol. These solvents were 
equilibrated, and the 90 per cent methanol layer was removed. ‘The pen- 
tane was extracted three additional times with 50 ml. of 90 per cent meth- 
anol. The pentane and methanol fractions were evaporated in vacuo. 
The residue from the methanol fraction (335,000 c.p.m.) was dissolved in 
50 ml. of toluene, and this solution was extracted four times with 12 ml. of 
1 n NaOH and twice with 12 ml. of HO. The combined alkali and water 
extracts were adjusted to pH 8.5, and the mixture was extracted three times 
with 45 ml. of diethyl ether (18). The residue, after evaporation of the 
ether, contained 5600 c.p.m. The neutral material, after removal of the 
toluene, contained 262,000 c.p.m. 


1 Estradiol as used throughout this paper refers to estradiol-17@. 
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Counter-Current Distribution between Toluene and 1 n NaOH—The phe- 
nolic fraction obtained from the preliminary fractionation was subjected 
to an eight transfer counter-current distribution between toluene and 1 N 
NaOH, 20 ml. in each layer (19). Separatory funnels were used and the 
lower layer was transferred. 

When eight transfers had been completed, the pH of all the lower layers 
was adjusted to 8.5 to 9.0. The two layers in each funnel were reequili- 
brated, thereby extracting phenolic material into the toluene. Each lower 
layer was then reextracted twice with 10 ml. of diethyl ether. The com- 
bined toluene and ether extracts from each funnel were washed once with 
3 ml. of HO and then evaporated to dryness. Aliquots were removed 
from each fraction for counting and for analvsis for estrogens. 
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Fig. 1. Radioactivity of tubes from counter-current distribution of phenolic frac- 
tion. The upper layer is toluene; the lower layer, 1 n NaOH. Lower layers were 
transferred. 











Fig. 1 shows the distribution of radioactivity in this counter-current dis- 
tribution. There is a striking peak in activity in tube 8, indicating the 
presence of C-labeled phenolic material. Analysis for estrogens showed 
that they, too, were concentrated in tubes 5 to 8, with the peak in tube 8. 
When a sample of the testosterone-3-C™ used in this experiment was sub- 
jected to a similar eight transfer distribution, no peak in radioactivity was 
found in the higher numbered tubes. 

99 Transfer Counter-Current Distribution—As the next step in the frac- 
tionation of the phenolic material, the contents of tubes 5 to 8 from the 
eight transfer distribution were pooled and subjected to a 99 transfer coun- 
ter-current distribution in 30 per cent ethyl acetate-70 per cent cyclohexane 
with 50 per cent ethanol-50 per cent H,O as the lower phase. The distri- 
bution was carried out in a 100 tube Craig machine (H. O. Post Scientific 
Instrument Company). All fractions from the distribution were evap- 
orated in vacuo from the frozen state. 

Aliquots were taken from selected tubes throughout the distribution for 








934 CONVERSION OF TESTOSTERONE TO ESTRADIOL 


determination of radioactivity and for analysis for estrogen. The results 
of these analyses are seen in Fig. 2. The scales of the ordinate for radio- 
activity and the ordinate for weight of estrogen were selected so that the 
peak in radioactivity in the estradiol region was the same height as the peak 
in weight. 

This counter-current distribution shows that there is no significant C™ in 
the estrone region (E;). There is, however, a peak in radioactivity coinci- 
dent with the peak in weight of estradiol (E2). The experimental values 
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Fig. 2. 99 transfer counter-current distribution separating the three estrogens. 
Upper layer is 30 per cent ethyl acetate-70 per cent cyclohexane; lower layer, 50 per 
cent aqueous ethanol. Upper layers were transferred. In Figs. 2, 3, and 4, the fol- 
lowing symbols are used: K, the partition coefficient (ratio of concentration in upper 
layer to concentration in lower layer); O, experimental points for weight of estrogen 
referred to the ordinate on the left; @ , counts per minute referred to the ordinate on 
the right; solid lines, the best calculated theoretical curves through the experimental 
points for weight. E, = estrone, E, = estradiol-178, E; = estriol. K for E; = 2.00, 
for E, 0.94, for E; 0.076. 


for weight and for radioactivity fit a single theoretical distribution curve 
equally well, thus indicating that the estradiol contained C'. There is 
also a peak in radioactivity in the same tube as the peak in weight of es- 
triol (E;). The difference in the height of the weight and radioactivity 
peaks is a result of the arbitrary adjustment of the two ordinates. It ap- 
peared likely, therefore, that the estriol was also labeled. 

Redistribution of Estriol—The contents of tubes 2 to 14 (estriol region) 
of the preceding counter-current distribution (Fig. 2) were pooled. 4 mg. 
of additional carrier estriol were added. The estriol was then subjected to 
a forty-nine transfer counter-current distribution in 70 per cent aqueous 
methanol with 80 per cent CHC -20 per cent CCl, as the lower phase and 
was analyzed as described above. The radioactivity was separated from 
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the carrier estriol by this distribution, the peak for weight of estriol being 
in tube 25, and that for radioactivity in tube 0. 

Redistribution of Estradiol—The contents of tubes 34 to 56 of the 99 trans- 
fer distribution (Fig. 2) were pooled. The pool contained 0.34 mg. of es- 
tradiol and 1150 ¢.p.m. (3380 ¢.p.m. per mg.). An additional 10.0 mg. of 
carrier estradiol were added, which brought the specific activity to 112 
c.p.m. per mg. The estradiol was then subjected to a forty-nine transfer 
counter-current distribution in 70 per cent aqueous methanol with 40 per 
cent CHCI;-60 per cent CCl, as the lower phase. ‘The results of the anal- 
yses of this distribution are shown graphically in Fig. 3. Again, the dis- 
tribution of radioactivity and weight of estradiol fit the same theoretical 
curve. Calculation of the area under the theoretical curve showed the 
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Fig. 3. Forty-nine transfer redistribution of estradiol. The upper layer is 70 per 
cent aqueous methanol, the lower layer, 40 per cent CHCI;-60 per cent CCl,. The 
upper layers were transferred. See Fig. 2 for an explanation of the symbols. 


presence of 7.4 mg. and 695 c.p.m., thus giving a specific activity of 94 ¢.p.m. 
per mg. Calculation of specific activities for the individual tubes under 
the peak gave a value for the specific activity of 87 + 8 (standard error of 
the mean, fifteen determinations). 

Precipitation with Digitonin (20)—The contents of tubes 14 to 30 from 
the forty-nine transfer counter-current distribution (Fig. 3) of the estradiol 
were pooled. The estradiol was dissolved in 0.9 ml. of hot methanol with 
30 mg. of digitonin. Hot water was added until the solution was faintly 
cloudy (0.3 ml.), and, after standing for an hour at room temperature, an 
additional 0.3 ml. of HO was added. While the solution was left to stand 
at 5° for 3 hours, a flocculent precipitate separated. The precipitate was 
centrifuged and washed twice with cold 60 per cent methanol, redissolved 
in 1.5 ml. of hot 60 per cent methanol, and again allowed to precipitate in 
the cold. This precipitate was centrifuged and washed with cold 60 per 
cent methanol. The mother liquors from the first and second precipita- 
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tions were kept separate. The residues from the two mother liquors and 
the precipitate were each dissolved in 1 ml. of anhydrous pyridine 
and heated on the steam bath for 1 hour. 10 ml. of absolute ether were 
added to each fraction, and the digitonin was removed by centrifugation, 
The ether solutions were washed twice with 1 ml. of H,O and then evapo- 
rated to dryness in vacuo. Each fraction was counted and analyzed for 
estradiol by the fluorescence method. The first mother liquor contained 
1.08 mg. of estradiol and 128 c.p.m. (119 ¢.p.m. per mg.). The second 
mother liquor contained 0.74 mg. of estradiol and 67 c.p.m. (91 ¢.p.m. per 
mg.); the final precipitate contained 2.98 mg. of estradiol and 276 c.p.m. 
(93 c.p.m. per mg.). In this purification procedure, therefore, there was 
no tendency for the radioactivity to separate from the estradiol. 

Enzymatic Oxidation of Estradiol—Since there was no indication of a 
separation of radioactivity from the estradiol in the preceding step, the 
estradiol from the mother liquors and precipitate was pooled. The crys- 
talline residue was slightly brown. To remove this brown color another 
phenolic separation was carried out. The neutral fraction contained no 
radioactivity; the estradiol was colorless and crystalline. 

This estradiol was then incubated for 3 hours at 25° in the presence of 
oxidized diphosphopyridine nucleotide with a partially purified preparation 
of placental estradiol-178 dehydrogenase.2 This enzyme has a high degree 
of specificity for the reversible oxidation of estradiol-178 to estrone. 

After incubation, the mixture was extracted four times with 0.5 volume 
of methylene chloride. The residue from this extract was subjected to a 
phenolic separation. The phenolic fraction was then subjected to a 
twenty-four transfer counter-current distribution in 50 per cent methanol- 
carbon tetrachloride. A stainless steel machine with twenty-five tubes 
was utilized in this distribution (H. O. Post Scientific Instrument Com- 
pany). The results of this distribution are shown in Fig. 4. Practically 
all of the estradiol (K = 2.45) has been oxidized to estrone (K = 0.38). 
The radioactivity was associated with the estrone. A single theoretical 
curve fits the data for radioactivity and weight of estrone. The distribu- 
tion showed the presence of 2.28 mg. of estrone with 228 ¢c.p.m. (100 ¢.p.m. 
per mg.). Calculation of specific activities of individual tubes under the 
peak gave a value of 101 + 5 (standard error of the mean, nine determina- 
tions) c.p.m. per mg. The estrone from this distribution was pooled and 
recrystallized from aqueous ethanol. The recrystallized estrone weighed 
1.14 mg. and contained 106 c.p.m. (93 ¢.p.m. per mg.). 

Summary of Specific Activities—Table I shows the weight of estradiol 

2 We wish to express our sincere appreciation to Miss Lorna Langer of the Hunting- 


ton Laboratories for furnishing this enzyme preparation and for information on its 
properties and use. 
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determined by fluorescence in H»SO,, the counts per minute in the estradiol, 
and the resulting specific activity at each step in the purification of the 
estradiol. It is apparent that the specific activity remained essentially 
constant throughout all purification steps subsequent to the 99 transfer 
counter-current distribution. 
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Fia. 4. Twenty-four transfer counter-current distribution of oxidized estradiol. 
The upper layer is 50 per cent methanol, lower layer CCl,. The upper layers were 
transferred. See Fig. 2 for an explanation of the symbols. 


TaBLeE I 
Specific Activities of Estradiol at Various Stages of Purification 








Step in purification Weight, mg. | C.p.m. | C.p.m. per mg. 

99 transfer counter-current distribution. ... 0.34 1150 3380 
99 ‘c “c “cc + 

10 meg. added carrier. .... ....26.65--15-..] 108 1150 112 
49 transfer counter-current distribution. ... 7.4 695 94 
Regenerated from digitonide............... 2.98 276 93 
Omidssed 60 GstPONS. .... 2... 6c cee cece 2.28 228 100 
Recrystallized estrone..................++:- 1.14 106 93 











These results, therefore, strongly indicate the radiochemical purity of 
the estradiol. A conversion of 1.2 per cent of the testosterone had occurred 
as calculated by isotopic dilution. 

Neutral Compounds—The neutral fraction from this incubation of tes- 
tosterone-3-C™ with ovarian tissue was fractionated by paper chromatog- 
raphy (21). Approximately 70 per cent of the activity was present as 
unchanged testosterone. Most of the remaining radioactivity was present 
in a compound whose mobility on paper chromatograms was consistent 
with A‘-androstene-3 ,17-dione. A small fraction of the radioactivity could 
not be moved from the starting lines. 
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DISCUSSION 


The methods employed for the isolation and radiochemical purification 
of the estradiol have been selected as those most likely to remove possible 
labeled contaminants. The eight transfer distribution between alkali and 
toluene represents a systematic method for carrying out extraction pro- 
cedures so as to determine whether a separation has taken place or whether 
the same material is present in both fractions. In this particular case, the 
original phenolic fraction contained only a small fraction of the total radio- 
activity. There was some doubt as to whether any of this radioactivity 
was really present in phenolic compounds, since some neutral material 
would certainly be partitioned into the aqueous phase and might account 
for all of the radioactivity in that fraction. The eight transfer counter- 
current distribution showed a definite separation into two fractions, thus 
indicating that a large percentage of the activity in the phenolic fraction 
differed from the bulk of neutral material. In an earlier experiment similar 
to the one described here, labeled testosterone was incubated with slices 
of stallion testis. The eight transfer counter-current distribution was not 
used, and the estrone separated from the phenolic fraction contained radio- 
activity. After more extensive purification, the radioactivity was sepa- 
rated and shown to reside in testosterone present as a contaminant. An 
eight transfer distribution of the type described here would have eliminated 
this more tedious purification. 

Counter-current distribution seems to be a particularly valuable method 
for studies of radiochemical purity; it offers a precise method for the de- 
termination of a partition coefficient with the opportunity for individual 
determinations which act as repeated analytical checks, one for each tube 
analyzed. If the radioactivity and weight of the carrier both have peaks 
in the same tube of a distribution, both must have the same partition coef- 
ficient within very narrow limits. Interaction between the carrier and a 
labeled contaminant is not likely since very dilute solutions are used in 
distributions. In order to detect a lack of radiochemical purity, a marked 
separation of carrier from a labeled contaminant is not required. If peaks 
in weight of carrier and in radioactivity are separated only by a single tube, 
this inhomogeneity is often apparent since different theoretical curves will 
be required to fit the two sets of data. The specific activity will vary from 
tube to tube in a systematic manner. Of course, the greater the number 
of distributions in different solvent systems carried out with failure to 
demonstrate a lack of homogeneity, the greater is the degree of certainty 
that the radioactivity resides in the carrier. 


* Unpublished data. 
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The precipitation of estradiol as the digitonide without a change in spe- 
cific activity is good evidence that the label is present in the estradiol. It 
would be expected that.a radioactive impurity in low concentration would 
not be precipitated in appreciable amounts, even though in higher con- 
centrations it might form the insoluble complex. 

The oxidation of the labeled estradiol to estrone represents a chemical 
conversion employed to supplement the physical criteria for radiochemical 
purity. This conversion was carried out enzymatically so as to offer addi- 
tional specificity to the reaction. 

It would seem quite unlikely that a labeled impurity could accompany 
the carrier estradiol through such rigorous purification steps. The C™ 
almost certainly resides in the estradiol molecule. 

Since the labeled carbon atom has not been located in the estradiol, the 
possibility of breakdown of the testosterone to small fragments, followed 
by synthesis of estradiol from the labeled fragments, must be considered. 
The recovery of most of the radioactivity in unchanged testosterone elimi- 
nates extensive breakdown. If breakdown did occur to some extent, con- 
siderable dilution of the fragments would be expected from other metabolic 
processes. It seems unlikely that as large a fraction of the total radio- 
activity as 1.2 per cent could find its way into estradiol by this pathway. 

This conversion is of particular interest, since it involves profound 
changes in the molecule, loss of the angular methyl group, and aromatiza- 
tion. The mechanism for such a conversion is worthy of further study. 
The hydroxylation of carbon 19 may serve as the initial reaction which 
leads to the removal of this carbon atom. Meyer has recently demon- 
strated the conversion of A‘-androsten-19-ol-3 ,17-dione to estrone by en- 
docrine tissue (22). The formation of A‘-androsten-19-ol-3 ,17-dione from 


_ androstenedione has been demonstrated in adrenal tissue (23). The intro- 


duction of a second double bond may also be an intermediate reaction. 
The loss of formaldehyde and the aromatization of a steroid containing 
a 19-hydroxy-3-keto-1,4-diene grouping has been demonstrated under 
mildly alkaline conditions (24). 

The réle of the conversion of testosterone to estradiol in normal bio- 


_ synthesis of the estrogens is not certain. This conversion could well 


account for the increased excretion of estrogens following the administra- 
tion of testosterone; however, this increased excretion has been observed 
in castrated humans (9, 11) and in an adrenalectomized, castrated human 
(25). Hence, the réle of endocrine tissue in the conversion may be ques- 
tioned. However, in another incubation study carried out in a manner 
similar to the one presented here, ovaries removed from a woman early in 
a menstrual cycle failed to carry out the conversion. In other experi- 
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ments, the conversion of testosterone to estradiol has been demonstrated 
to be carried out by stallion testes, a known source of estrogenic steroids, 
and by a feminizing adrenal tumor. In addition to labeled estradiol, 
labeled estrone was also formed by the tumor.’ These few correlations of 
the conversion with known sources of estrogen biosynthesis are suggestive 
of the importance of the conversion in the normal biosynthetic pathway. 


SUMMARY 


C-labeled estradiol-178 has been isolated following the incubation of 
testosterone-3-C“ with human ovarian slices. A‘-Androstene-3 , 17-dione 
was the only other compound identified as a conversion product. 


The authors wish to express their sincere appreciation to Dr. Howard 
Ulfelder and Dr. Joe V. Meigs for furnishing the human tissue used in 
this study. They also wish to thank Dr. Marcel Gut for the preparation 
of the labeled testosterone, prepared from BaC™O; obtained on allocation 
from the United States Atomic Energy Commission. For a generous gift 
of Equinex and A. P. L., the authors are grateful to Ayerst, McKenna and 
Harrison, Ltd. 
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ISOLATION OF MELANOCYTE-STIMULATING HORMONE 
FROM HOG PITUITARY GLAND* 


By TEH H. LEE} anp AARON B. LERNER}{ 


(From the Division of Dermatology, University of Oregon Medical School, 
Portland, Oregon) 


(Received for publication, June 6, 1955) 


The present communication is concerned with two substances possessing 
melanocyte-stimulating hormone (MSH) activity, a-MSH and 6-MSH, 
found in hog pituitary gland. The main component, a-MSH, was isolated 
by a four-step process consisting of solvent extraction and fractional pre- 
cipitation, oxycellulose adsorption, counter-current distribution, and paper 
electrophoresis. a-MSH has been found to be homogeneous with respect 
to counter-current distribution and to paper electrophoresis at different 
pH values. A preliminary report on the isolation of a-MSH appeared 
elsewhere (1). These hormones, which are produced in the intermediate 
lobe of the pituitary gland (2), previously were called the melanophore 
hormone, melanophore-expanding hormone, or intermedin. It has been 
known for several years that the skin of aquatic animals could be darkened 
by injections of these hormones (3). Recently, a similar effect was ob- 
served in human beings (4). 


EXPERIMENTAL 


Method of Assay—MSH was determined by an assay in vitro by using 
isolated skin from Rana pipiens frogs (5). The changes in skin color before 
and after addition of MSH were measured with a photoelectric reflection 
meter. Within limits the logarithm of MSH concentration was propor- 
tional to the ratio of the changes in reflectance obtained with an unknown 
and standard quantity of hormone. A unit of MSH is defined as the de- 
gree of darkening produced by 0.04 of a lyophilized water extract of beef 
posterior pituitary powder on isolated frog skin (5). 

Starting Material—Early in the investigation it was recognized that 
acetone-dried posterior pituitary powder from hogs had approximately 
twice the MSH activity as that from cows. Although it was not known 


* This investigation was supported in part by a grant-in-aid from the American 
Cancer Society upon recommendation of the Committee on Growth of the National 
Research Council and in part by a research grant by the National Cancer Institute 
of the National Institutes of Health, Public Health Service. 

t Present address, Section of Dermatology, Yale University School of Medicine, 
New Haven, Connecticut. 
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whether this was due to a different concentration of MSH or to a variation 
in chemical structure of the hormones from the two sources, it was decided 
to use the more potent material from hogs as the starting substance. Pos- 
terior pituitary powder had about 10 times the MSH activity as that 
from the anterior portion of the gland. 

Preliminary studies of crude MSH preparations showed rapid dialysis 
of the active material through cellophane and collodion membranes. Hor- 
monal activity was lost when MSH was mixed with undistilled solvents 
such as diethyl ether or butyl alcohol. The ninhydrin reaction resulted 
in complete loss of activity. Treatment of MSH with 0.1 n sodium hy- 
droxide in a boiling water bath for 5 minutes modified its darkening prop- 
erties. The alkali-treated material produced more prolonged darkening 
than the untreated preparation. 

Isolation of MSH—The methods described below were used in the isola- 
tion of a-MSH. 

The first step was a modification of the procedure devised by Payne 
et al. (6) for the extraction of corticotropin (ACTH). 100 gm. of hog pos- 
terior pituitary powder containing 3 X 10’ MSH units per gm. were mixed 
with 20 ml. of acetone to give a smooth paste. 1 liter of glacial acetic acid 
was added and the mixture was heated on a hot-plate at 50° for 10 minutes 
with constant stirring. The supernatant fluid was removed after centrifu- 
gation, and the residue was extracted again with 1 liter of glacial acetic 
acid in the same manner except that the heating at 50° was omitted. The 
combined supernatant fluids (1900 ml.) were mixed with 0.5 volume of 
acetone (950 ml.) and then with 10 ml. of saturated sodium chloride solu- 
tion. After remaining at room temperature for 15 to 20 minutes the 
mixture was centrifuged. The supernatant fluid (2700 ml.) was mixed 
with 2 volumes (5400 ml.) of cold petroleum ether and allowed to stand 
overnight at —10°. Two layers formed: a heavy precipitate settled as a 
hard cake at the bottom of the flask, and small amounts of precipitate 
collected at the interface. The fluid was decanted, and the precipitate 
adhering to the bottom of the flask was covered immediately with acetone. 
If addition of acetone were delayed, the precipitate formed a gummy 
mass which was difficult to manipulate. After several washings with ace- 
tone, a fine yellow powder resulted which could be dried readily in vacuo. 
Usually 16 to 18 gm. of product containing 1 to 2 X 108 MSH units per gm. 
were obtained. The yield with respect to MSH activity was approximately 
85 per cent. This petroleum ether-precipitated fraction will be referred 
to as PEF. 

8 gm. of PEF were dissolved in 160 ml. of 0.1 N acetic acid by gentle 
warming in a boiling water bath. An insoluble residue was removed by 
centrifugation at 18,000 X g. 16 gm. of washed oxycellulose (7) were 
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added to the supernatant fluid, and the mixture was shaken gently for 75 
minutes and then centrifuged. The supernatant fluid was discarded. 
The oxycellulose was washed two or three times with 0.1 N acetic acid and 
then the active material was eluted by shaking the oxycellulose with 100 
ml. of 80 per cent acetic acid for 60 minutes. After centrifugation the 
supernatant fluid was removed and centrifuged again at 18,000 X g to 
remove the last traces of oxycellulose. The separated portions of oxy- 
cellulose were saved for reelution in large batches to recover additional 
active material. The supernatant fluid was diluted with an equal volume 
of distilled water and lyophilized. The dilution step was necessary be- 
cause solutions containing more than 40 but less than 100 per cent acetic 
acid could not be lyophilized with our equipment. Approximately 0.5 
gm. of a pale yellow solid containing 1 to 1.5 X 10° MSH units per gm. 
was obtained. The MSH yield was approximately 50 per cent. This 
oxycellulose fraction was designated OXF. 

In preparation for counter-current distribution, 2 gm. of OXF were 
dissolved in a mixture of 75 ml. of each phase of the solvent system, sec- 
butyl alcohol-0.5 per cent aqueous trichloroacetic acid, with the aid of a 
micro-Waring blendor at about —10°. The solvents were prepared by 
equilibrating equal volumes of 0.5 per cent aqueous trichloroacetic acid 
and redistilled sec-butyl alcohol at 5° for 24 hours. The resultant solution 
gradually separated into two layers and was used as the initial tube of a 
twelve tube distribution unit at 5°, with 75 ml. of each solvent phase being 
used per tube. The distribution proceeded with the lower phase advancing. 
MSH analysis of various fractions indicated that tubes 3 to 5 contained 
the major portion of MSH activity (Fig. 1). After completion of the 
run, contents of tubes 3 to 5 were combined and lyophilized. Traces of 
trichloroacetic acid left with the solid after lyophilization were removed 
immediately by repeated extraction with freshly distilled diethyl ether. 
At no time during this extraction was a given amount of ether allowed to 
remain in contact with the solid for more than a minute. The resultant 
light brown solid weighed 0.5 to 0.6 gm. and had an activity of 3 to 4 X 
10° MSH units per gm. The MSH yield was approximately 75 per cent. 
This counter-current distribution fraction was designated CDF. 

An electrophoretic apparatus with a 50 cm. horizontal migration path 
of the type described by Kunkel and Tiselius (8) was used to purify Frac- 
tion CDF further. The power supply had a capacity of 0 to 1000 volts 
and 0 to 50 ma. Whatman No. 3 MM filter paper strips, 11 X 58 cm., 
were used as the supporting medium. Fraction CDF was subjected to 
paper electrophoresis as follows: Pyridinium acetate buffer, pH 4.55, was 
prepared by mixing 2 volumes of 0.3 N acetic acid and 1 volume of 0.3 M 
aqueous pyridine solution. 40 mg. of CDF were dissolved in 0.6 ml. of 
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0.3 N acetic acid by warming slightly in a water bath. To the mixture | was 
was added 0.3 ml. of 0.3 m pyridine solution. The small amount of residual J dye 
solid was removed by centrifugation of the solution at 18,000 X g. The § whi 
supernatant fluid was applied dropwise to a filter paper strip. Great care | yap 
was taken to confine the applied solution to a band no more than 1 cm, 4 loca 
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Fic. 1. Twelve tube counter-current distribution of Fraction OXF in sec-butanol- 
0.5 per cent aqueous trichloroacetic acid system at 5°. Curve A represents weight of 
solid per tube. Curve B represents MSH activity of solid per tube. This prepara- k 
tion was obtained after solvent extraction and fractional precipitation of pituitary ] ¢ 5, 
powder followed by oxycellulose adsorption and elution. obt: 


Fig. 2. Paper electrophoresis of Fraction CDF in pyridinium acetate buffer at ] 5) 
pH 4.55, 18 volts per cm. of migration path, for 11 hours at 5°. The arrow indicates by | 
the site of application of the hormone. The crosses on the upper portion of the dia- 
gram indicate the location of prominent spots revealed by bromophenol blue stain- 


ing. Fraction CDF was prepared by solvent extraction and fractional precipita- aye 
tion of pituitary powder, oxycellulose adsorption, and counter-current distribution soli 
in a twelve tube counter-current unit at 5°. Th 

ref 


wide. The electrophoretic run usually lasted 10 to 12 hours at a potential j 
of 18 to 20 volts per cm. of migration path and a current of 8 to 10 ma. | CL 

After completion of electrophoresis, the paper was frozen immediately ] lin 
to facilitate handling. A strip 1 cm. in width was cut along the whole | ph 
length of the filter paper and dried for 5 to 10 minutes in an oven at 90°. | dis 
After thorough drying the paper strip was made strongly alkaline by pas- | in 
sage back and forth over a flask containing concentrated ammonium hy- | pa 
droxide. It was then stained for 30 seconds with 1 per cent bromophenol J for 
blue in 95 per cent alcohol saturated with mercuric chloride. The strip ] ba: 
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was washed with a fine stream of 0.5 per cent acetic acid until all excess 
dye wasremoved. An electrophoretic pattern appeared as gray-blue bands 
which were converted to an intense blue color in the presence of ammonia 
vapor. The main MSH activity was associated with the second band 
located approximately 20 cm. from the origin in the direction of the cathode 
(Fig. 2). 

The stained strip was used as a guide so that the active fraction could 
be cut from the remainder of the filter paper. MSH was eluted by shaking 
with 50 ml. of 3 N acetic acid for 60 minutes at 5°. The material was filtered 
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Fig. 3. Paper electrophoresis of Fraction CDF in sodium barbital buffer at pH 
8.50, 18 volts per cm. of migration path, for 11 hours at 5°. Two MSH peaks were 
obtained. The arrow indicates the site of application of the hormone. The crosses 


on the upper portion of the diagram indicate the location of prominent spots revealed 
by bromophenol blue staining. 


and lyophilized immediately. Approximately 4 mg. of a spongy white 
solid having an activity of 1 to2 X 10'° MSH units per gm. were obtained. 
The MSH yield was about 40 per cent. This highly potent fraction was 
referred to as HPF-1. 

An alternative procedure to the last step was tried in which Fraction 
CDF was submitted to two consecutive electrophoretic runs with an alka- 
line buffer in the first and an acidic buffer in the second. The electro- 
phoretic runs were carried out as follows: 40 mg. of fraction CDF were 
dissolved in 1 ml. of sodium barbital buffer and submitted to electrophoresis 
in the same manner as previously described. Sodium barbital buffers pre- 
pared according to Michaelis (9) with pH values ranging from 8 to 9 were 
found effective. The active material was associated with the second 
band located approximately 12 cm. from the origin in the direction of the 
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cathode (Fig. 3) and was isolated as described above. After lyophilization 
the entire fraction was dissolved in 1 ml. of 0.2 Nn acetic acid for electro. 
phoresis in the pyridinium acetate buffer at pH 4.55. Only a single band 
could be visualized in the stained guide strip. MSH analysis of different 
segments of the filter paper and ninhydrin tests on similar samples after 
acid hydrolysis showed single peaks which overlapped completely (Fig. 4), 
Extraction of the active region yielded about 1 mg. of a white spongy solid 
with an activity of 1 to 2 X 10'° MSH units per gm. The over-all yield 
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Fic. 4. MSH activity and ninhydrin color reaction of Fraction CDF after two 
paper electrophoretic runs. The active fraction was removed from the run at pH 
8.0, 18 volts per cm. of migration path, for 8 hours and then tested at pH 4.55, 18 
volts per cm., for 12 hours. Both runs were done at 5°. Curve A represents MSH 
activity. Curve B represents ninhydrin color reaction. The arrow indicates the 
site of application of the hormone. 


of MSH in these two runs was approximately 10 per cent. This highly 
potent fraction was referred to as HPF-2. 

Homogeneity of Purified MSH—The MSH preparations, HPF-1 and 
HPF-2, obtained after one and two electrophoretic runs, respectively, were 
tested for homogeneity by electrophoretic analysis with buffers ranging 
in pH from 1.40 to 12.2, The latter included glycine-sodium chloride- 
hydrochloric acid, pH 1.40, » = 0.1; pyridinium acetate-acetic acid, pH 
4.55, w = 0.1; sodium barbital-sodium acetate-hydrochloric acid, pH 8.9, 
uw = 0.05; and glycine-sodium chloride-sodium hydroxide, pH 11.3, u = 
0.04; pH 11.9, » = 0.1; and pH 12.2, » = 0.1. The techniques used for 
electrophoresis were outlined previously. At all levels of pH tested, the 
hormone behaved as if it were a single component. In the electrophoretic 
run in which glycine buffer at pH 11.3 was used, MSH migrated only a 
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lization yery short distance toward the cathode, being similar in this respect to dex- 
electro- tran spots applied on both sides of the test material. Therefore, the iso- 
‘le band ¢dectric point of MSH was.estimated to be within the range pH 10.5 to 11.0. 
lifferent Homogeneity tests were carried out with a 100 tube, all glass counter- 
es after current distribution apparatus at room temperature (24 to 26°) with the 
Fig. 4), upper phase advancing. The solvent system used was sec-butyl alcohol 
gy solid and 0.5 per cent aqueous trichloroacetic acid equilibrated at room tempera- 
ull yield ture. At the end of a run the upper and lower phases were removed sep- 

arately from each cell. The optical density at a wave-length of 2750 A 
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4.55, 18 Fie. 5. Counter-current distribution of 20 mg. of Fraction HPF-1 in sec-butanol- 

‘ts MSH 9.5 per cent aqueous trichloroacetic acid system at room temperature; X, experi- 

ates the mental points based on weight of solid per 10 ml. of upper phase; O, theoretical 
points; A, experimental points based on MSH activity per ml. of upper phase. This 
preparation was obtained from paper electrophoresis of Fraction CDF. 


highly and the MSH activity were measured for each tube. The amount of solid 
“1 and 2 mg. per 10 ml. of upper phase was calculated from the optical density. 
y, were 20 mg. of HPF-1 were distributed through 97 transfers during a 6 hour 
ranging period. Comparison of the experimental distribution curve based on 
lost. weight of solid per 10 ml. of upper phase with the theoretical curve calcu- 
‘id, pH lated according to the usual procedure (10) revealed that approximately 
oH 8.9, 95 per cent of the MSH was a single component (Fig. 5). The MSH activ- 
3 owl ity curve was symmetrical and gave the same peak as the curve based on 
a for | M8: of solid per 10 ml. of upper phase. From the position of the peak the 
A distribution coefficient for MSH in the two solvents was calculated to be 
h ool 2.1. Only about 50 per cent of the MSH used at the beginning of the ex- 
only a periment could be accounted for by the end of the run on the basis of MSH 
activity. When MSH was allowed to stand for 6 hours at room tempera- 
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ture in a test-tube containing the solvents used in the counter-current run, 
marked loss in activity occurred. Unfortunately, facilities were not avail. 
able for carrying out the distribution at 5°. 

The MSH activity curve was narrower than the theoretical curve or the 
curve based on weight of solid per 10 ml. of upper phase. This finding 
may have resulted from a greater loss of MSH activity on a percentage 
basis in the dilute tubes than in the concentrated tubes during the counter. 
current run. On the other hand, the rate of decrease in ultraviolet light 
absorption with time was the same in all tubes. 





= € 

9 165 

2 m 

Ni: I: 

u) 

a 4 

K 4r 

x 7 
5 
d 


n 
nm 





OPTICAL DENSITY OF UPPER PHASE 
3SVHd Y3addN SO ALIAILOV HSW 














t 1 i ! 
10) 20 40 60 80 100 
TUBE NUMBER 


Fig. 6. Counter-current distribution of 100 mg. of Fraction CDF in sec-butanol- 
0.5 per cent aqueous trichloroacetic acid system at room temperature. Curve A 
represents optical density of upper phase at \ = 2750 A. Curve B represents MSH 
activity of upper phase. This preparation was obtained after counter-current dis- 
tribution of Fraction OXF in a twelve tube counter-current unit at 5°. 


Since the distribution curve was determined from the optical density 
and not on the basis of dry weight of solid per cell, it was possible that the 
preparation contained impurities which did not absorb light at the wave- 
length used. To clarify this point, samples from every fifth tube were sub- 
jected to acid hydrolysis for 10 to 12 hours and then allowed to react with 
ninhydrin. Only one ninhydrin-positive peak corresponding to the ultra- 
violet absorption and MSH activity peaks was found. 

5 mg. of HPF-2 were examined by counter-current distribution in the 
same way through forty-nine transfers. Similar results were obtained. 
The calculated distribution coefficient of MSH in the two solvents was in 
exact agreement with the previous results. 

Counter-Current Distribution and Moving Boundary Electrophoresis of 
Fraction CDF—When Fraction CDF was distributed through 97 transfers 
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in the large counter-current apparatus at room temperature, at least three 
peaks were found by ultraviolet absorption (Fig. 6). However, only one 
corresponded to a peak of great MSH activity. This occurred at the same 
position as the MSH peak of the purified hormone, Fractions HPF-1 and 
HPF-2 (Fig. 5), as well as that obtained with crude posterior pituitary pow- 
der (Fig. 8). A second relatively small peak also was obtained from Frac- 
tion CDF. 
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Fic. 7. Moving boundary electrophoresis of Fraction CDF in pyridinium acetate 
buffer, pH 4.55, 225 volts, 20 ma., for 173 minutes and 8 seconds at 2°. The arrows 
indicate the direction of migration. 


TABLE I 


MSH Activity of Fractions Obtained from Moving Boundary Electrophoresis 
of Preparation CDF 

















Boadiiies Part of i eanaees ey oe we A Potency of solid 
units per ml. unils per gm. X 10° 

ay Ascending limb {1 0.15 X 10° 0.2 

fe - 1+ 2 5.4 X 108 5.0 

a3 " - 1+2+3 7.2 X 108 3.0 

a4 * _ 1+2+3 + 4 8.7 X 108 1.6 

haus Descending “ 3+4+4+5 6.7 X 106 0.3 

Bottom Bottom All 8.5 X 10° Not determined 

Original 2.3 X 10? 4.0 








In addition 100 mg. of Fraction CDF were studied by moving boundary 
electrophoresis in a standard electrophoretic cell at 2° with a pyridinium 
acetate buffer at pH 4.55, 1 = 0.1. Whereas only three peaks were found 
after counter-current distribution, electrophoresis showed five components 
with different mobilities moving toward the cathode (Fig. 7). A sampling 
device designed by Rigas et al. (11) was used to remove the solutions in the 
electrophoretic cell. Six separate fractions containing mixtures of the vari- 
ous components were obtained. These solutions were lyophilized and both 
the liquid and lyophilized powder were assayed for MSH activity. Re- 
sults given in Table I show that the second peak possessed the main MSH 
activity and that this fraction corresponded to the active MSH obtained 
by paper electrophoresis. 
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Stability of MSH—It had been assumed that MSH was a relatively stable 
molecule because posterior pituitary powder could be kept at room temper- 
ature for an indefinite period without loss of activity. Furthermore, when 
mixtures of MSH were heated with dilute alkali, MSH activity was re- 
tained, whereas that of the other polypeptide hormones present was de- 
stroyed. Hence, we were surprised to find that highly purified MSH was 
very unstable. In order to determine the best conditions for storage, dry 
samples of the active hormone, HPF-1, were kept in sealed vials under a 
variety of conditions. As shown in Table II, it was found that MSH could 
be kept at —17° under nitrogen, oxygen, or in vacuo for 19 days with some, 
but not marked, loss of activity. However, under H,S, the loss in potency 
during a similar period was appreciable. Storage for 50 days under air and 














TABLE II 
Stability of Purified MSH Preparation HPF-1 
Sample No. Atmosphere a... Time of storage ane odd ies 
°C, days “ee per 
1 Vacuum —17 19 Pe 59 
2 Nitrogen -—17 19 7.0 54 
3 Oxygen —17 19 7.4 57 
4 HS —17 19 2.0 15 
5 Oxygen 20-25 19 1.4 11 
6 Vacuum —17 50 2.5 16 
7 Air —17 50 3.5 22 




















in vacuo also caused a decrease in potency. The hormone was relatively 
unstable under oxygen at room temperature. Samples 6 and 7 were pre- 
pared in detergent-free vessels at the stage of electrophoresis, but glass- 
ware used at other times had been washed with detergents and rinsed well. 
No significant difference was observed. 

Main MSH Component of Pituitary Gland—The following yields of MSH 
activity resulted from the four-step isolation process: solvent extraction 
and fractional precipitation, 85 per cent; oxycellulose adsorption, 50 per 
cent; counter-current distribution, 75 per cent; and paper electrophoresis, 
10 to 40 per cent. Although the yield of MSH in each step was relatively 
high, the over-all yield was between 5 and 15 per cent. Thus, the question 
arose as to whether or not the hormone finally isolated represented the main 
MSH component of hog posterior pituitary gland. To help decide this 
point, posterior pituitary powder from hogs was distributed through 97 
transfers in the counter-current distribution apparatus by using the same 
solvent system described previously. 1 gm. of hog pituitary powder was 





shak 
for ; 
10 m 
of tl 
uted 
buti 
indic 
desig 


AAP AIRF PrP Ff 


RAPIST 


TAF AT 


Fi 
powc 
B, sc 
room 
each 


0.6) 
tota 
the 
for. 

the 

and 
part 
grek 
and 
of tl 
The 


T. H. LEE AND A. B. LERNER 953 


able shaken with a mixture of 20 ml. of each solvent phase at room temperature 
per- | for 30 minutes. The insoluble residue was removed by centrifugation. 
yhen 10 ml. of each phase of the extract were mixed and charged to the first tube 
;re- | of the counter-current distribution apparatus. The material was distrib- 
de- | uted with 10 ml. of each solvent phase through 97 transfers. The distri- 
was | bution curve based on MSH activity per tube as given in Fig. 8, Curve A, 
dry | indicated the presence of two active components, which for simplicity were 
era | designated a-MSH and 6-MSH. a-MSH (K = 2.1) and 6-MSH (K = 























ome, 15 15 
a a a 
md] 3 : 
& & 
© 

ny > 1.07 * . t 

~» SS _ S 

K K 
t of = x — * 
— = > = 

* & q = 

PS SS 055 +05 FS SS 

x = 

~I ~ 

N N 

SS 2 

0 ; 0 
0 40 100 

“ed TUBE NUMBER 
" Fic. 8. Counter-current distribution runs of 500 mg. of hog posterior pituitary 
ively powder (Curve A, scale on left) and 500 mg. of hog anterior pituitary powder (Curve 
> pre- B, scale on right) in sec-butanol-0.5 per cent aqueous trichloroacetic acid system at 
ylass- room temperature. Two active components, a-MSH and s-MSH, were obtained in 
well. each case, but at about one-tenth the concentrations in the anterior powder. 


MSH | 0.6) represented about three-fourths and one-fourth, respectively, of the 
ction | total MSH activity of the contents of all tubes. More than 70 per cent of 
0 per | the total activity present in the pituitary powder (0.5 gm.) was accounted 
resis, | for. These same components were observed in the distribution curves of 
tively | the partially purified preparations, CDF and OXF, as indicated in Figs. 6 
sstion | and 9, Curve B. Since the purified hormone preparation, HPF-1, and a 
main | Partially purified fraction prepared according to the procedure of Land- 
» this | grebe and Mitchell (12) each contained only one active component, a-MSH 
sh 97 | and B-MSH, respectively (Figs. 5 and 9, Curve A), it is unlikely that one 
same | of the active components was an artifact produced by the solvent system. 
r was | Therefore, it can be assumed that two distinct melanocyte-stimulating 
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hormones are present in hog pituitary gland. When anterior pituitary 
powder from hogs was distributed in the same manner, a- MSH and 6-MSH 
were observed in the same ratio and were characterized by the same distri- 
bution coefficient (Fig. 8, Curve B), as was the case with posterior pituitary 
powder, although there was a 10-fold difference in the total MSH activity, 
The striking resemblance between the two distribution curves suggests that 
these two melanocyte-stimulating hormones probably share a common site 
of synthesis in the pituitary gland, presumably the intermediate lobe. 


3.0 





A ~ 


~ 
o 
| 


TOTAL MSH ACTIVITY PER TUBE 
(MSH U) x lO -€ 
n 


0 











0 





100 
TUBE NUMBER 


Fig. 9. Counter-current distribution runs of 16 mg. of partially purified MSH 
(Curve A) prepared according to Landgrebe and Mitchell (12) and 30 mg. of Fraction 
OXF (Curve B) in sec-butanol-0.5 per cent trichloroacetic acid at room temperature, 


a-MSH has a specific potency of 1 to 2 X 10° MSH units per gm. when 
purified by the procedure described previously. We have not determined 
the specific potency of 6-MSH. It might be difficult to determine the 
relative potency of these two hormones because both are unstable and the 
measured potencies may not represent true values. The electrophoretic 
properties of inactivated MSH are identical with those of the active hor- 
mone. Thus any inactivated MSH present in preparations used as starting 
material for the final paper electrophoresis would appear in the end-product 
and cause undue lowering of specific potency. Hence, these two hormones 
must be prepared under identical conditions in order to compare their ac- 
tivities. Regardless of the specific activity of a- MSH, it is the main MSH 
component of hog pituitary gland, because the total a-MSH activity is 
greater than that of B-MSH. 
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In the past several reports have been made on purification of MSH from 
pituitary glands (12-16). In most cases the purified substance showed a 
moderate, but not marked, increase in potency over the starting material. 
However, recently Porath et al. (17) isolated a peptide which was homo- 
geneous by ultracentrifugation and electrophoresis. It had about 1000 
times the MSH activity of hog posterior pituitary powder, an isoelectric 
point at pH 5.2, and an approximate molecular weight of 3000. Gesch- 
wind and Li! reported isolation of a similar homogeneous preparation pos- 
sessing a specific potency of 4 to 5 X 10° MSH units per gm., an isoelectric 
point at pH 5.5, and a distribution coefficient of 0.6 in the system sec- 
butanol-0.5 per cent trichloroacetic acid at 20°. Benfey and Purvis (18) 
also reported isolation of a highly purified fraction possessing 400 to 500 
times the potency of the starting hog posterior pituitary powder. Their 
hormone preparation was similar in many respects to those prepared by 
Porath et al. and Geschwind and Li, except that it possessed a definitely 
basic isoelectric point.2 These investigators apparently isolated B-MSH 
which accounts for less MSH activity in the pituitary gland than a-MSH. 

In order to prove this point, a partially purified preparation, made from 
hog posterior pituitary powder according to the procedure described by 
Landgrebe and Mitchell (12), was subjected to counter-current distribu- 
tion in the same solvent system that was used in our homogeneity studies. 
The distribution curve (Fig. 9, Curve A), based on MSH activity per tube, 
indicated a single peak located at tube No. 32 which corresponded to a 
distribution coefficient of about 0.5. This value was close enough to be 
considered in the same range as that of B-MSH because of the magnitude 
of error that may be involved in estimation of distribution coefficients from 
the distribution curve based on MSH activity. When the same material 
was subjected to paper electrophoresis in sodium barbital buffer at pH 8.9, 
we observed one active component migrating toward the anode with a mo- 
bility very similar to that of B-MSH (Fig. 3) and several inactive com- 
ponents migrating toward both electrodes. No active component with 
the characteristics of a-MSH was observed in either case, whereas at a 
similar stage of purification our preparation of OXF definitely contained 
two active components as shown in Fig. 9, Curve B. Since Landgrebe and 
Mitchell used acetone precipitation at pH 6.5 in their fractionation pro- 
cedure, it was suspected that a substance with a highly basic isoelectric 
point like that of a- MSH would remain in solution. As a matter of fact, 
it was found that the lyophilized mother liquor contained far more total 


1 Unpublished data. 

*J. L. Purvis, private communication. 

’ This procedure was used by Porath et al. and also by Benfey and Purvis in their 
fractionation. 
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MSH activity than that of the active precipitate, although its specific po- 
tency was lower, owing to the dilution caused by the presence of 
large amounts of ammonium chloride. By means of paper electrophoresis, 
a-MSH was found and identified as the only active component in the lyo- 
philized filtrate. Evidently, a-MSH was separated from 6-MSH by ace- 
tone precipitation at pH 6.5 and was discarded in the filtrate during the 

















TaBLeE III 
Molar Ratios of Amino Acids in Hydrolysates of a- and B-MSH 
Amino acid a-MSH 8-MSH* 
a ea 1.2 (1)t 4.0 (4)t 
is GRY Ee: Se a ae Ree aar Leg Sew Be ae 2.9 (3) 3.8 (4) 
EM fassts cess vs cos oSRw NSS. Ree 3.7 (4) 2.0 (2) 
es ied cae iu te se mobla ahane 3.1 (8) 4.0 (4) 
ee eee, ee 1.6 (2) 0 (Tentative) 
FR lena oi ad a le Sy 3.2 (3) 3.4 (3) 
SEN 22s sect ein cach ovis vas ae ces 2.0 (2) 2.2 @) 
EIS a a ag ee 2.3 (2) 0.4 (1) 
ee ee 2.9 (3) 2.0 (2) 
SIE oie Semen eeanre ns Paes 0.7 (1) 0.4 (1) 
DI Pale hicsa ccna cepacia sop och cli a 0.4 (1) 0 
RE Oh ic od ce ba tide t ed os 3.0 (3) 5.0 (5) 
MI A eee TE les nce aes sede 0.8 (1) 0.4 (1) 
I ne ee ee 0.6 (1) 0 
RL Si chan storey Soa ost ved doe Cais 2.6 (3) 1.8 (2) 
CD Sha sirens dd bpatiiewtis 2.0 (2) 1.4 (2) 
re Crate) 2.0 (2) Not determined 
N-Terminal group.................... None (tentative) | Aspartic acid 





Molar ratios were determined by the Levy procedure (19). 

* The data were taken from the unpublished results of Geschwind and Li. 

+ The figures in parentheses represent suggested whole integers. 

¢ The values for these two amino acids were not corrected for hydrolytic destruc- 
tion. 

§ Tryptophan was estimated from ultraviolet light absorption after subtracting 
tyrosine from the total value. 


fractionation. This was probably the reason that the other investigators 
isolated B-MSH as the main active component. Therefore, the original 
fractionation procedure of Landgrebe and Mitchell was modified as follows: 
The 0.1 N hydrochloric acid eluate from oxycellulose was lyophilized directly 
instead of being precipitated with acetone. The resultant solid was sub- 
jected to paper electrophoresis in the same buffer mentioned before. One 
basic and one acidic active component, as well as several inactive com- 
ponents, were observed. The mobilities of the basic and the acidic active 
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components were very close to those of a-MSH and 6-MSH, respectively 
(Fig. 3). 

Amino Acid Composition of a-MSH and B-MSH—a-MSH (Fraction 
HPF-1) prepared by us and 6-MSH isolated by Geschwind and Li were 
hydrolyzed and assayed for amino acids by the Levy procedure 
(19). Tryptophan was determined by ultraviolet absorption after sub- 
tracting tyrosine from the total value (20). Seventeen amino acids were 
found in a-MSH and their molecular ratios are presented in Table III. The 
analyses did not give quantitative recovery of amino acids. An estimation 
made from the alkali consumption during the treatment with 1 ,2,4-fluoro- 
dinitrobenzene accounted for only about 50 per cent of the sample tested. 
This low yield may be explained in part by the fact that tryptophan, anions, 
moisture, and ash were not included in the total amino acid percentage. In 
addition, it is possible that some impurities may have come from the filter 
paper used. 

8-MSH contains thirteen known amino acids (Table III) and probably 
tyrosine and tryptophan. Aspartic acid was found to be the N-terminal 
group of B-MSH, whereas a similar sample of a- MSH yielded no N-terminal 
group when the 1,2,4-fluorodinitrobenzene method was used (21). It is 
evident from the data in Table III that a- and 8B-MSH have different amino 
acid compositions and that they are not the same as the corticotropins from 
hog and sheep (22-24). The molar ratios for histidine, aspartic acid, and 
glutamic acid are 3, 1, and 3, respectively, for a- MSH and 2, 4, and 4 for 
B-MSH. These findings are consistent with the fact that the isoelectric 
point of a-MSH is basic (pH 11) and that of 8-MSH is acidic (pH 5.5). 


DISCUSSION 


The hormone obtained in the study reported here represents the main 
MSH component of hog posterior pituitary gland. The activity of the 
product was approximately 500 times greater on a weight basis than the 
starting material. However, purified MSH is unstable; it is possible that 
the potency of the hormone is greater than 1 to 2 X 10'° units per gm. as 
reported here. The purified hormone was homogeneous by paper electro- 
phoresis at different pH values and by counter-current distribution. Nev- 
ertheless, other criteria of homogeneity remain to be satisfied. 

The relation of ACTH to MSH has been controversial as discussed else- 
where (4). ACTH activity was not detected when MSH isolated in this 
study was tested by the method of ascorbic acid depletion. Also, vaso- 
pressin activity was not found. However, less than 0.5 mg. of MSH was 
used to test for ACTH and vasopressin; it is possible that larger quantities 
might show some biologic action, even though negligible, similar to those of 
ACTH and vasopressin. Assay in our laboratory of White’s corticotropin 
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A (23) and Bell’s B-corticotropin (24), which probably represent the main 
ACTH hormone of hog pituitary gland, showed 1.7 X 10° MSH units per 
gm. Thus, purified ACTH has 1 per cent MSH activity either on the basis 
of contamination or as an intrinsic part of the molecule. The molecular 
ratios of amino acids in ACTH and MSH are different (22-24). In addi- 
tion, hog posterior pituitary powder has approximately 10 times as much 
MSH activity but only one-tenth as much ACTH activity as that from the 
anterior portion of the gland. According to the distribution of MSH and 
ACTH in the pituitary gland, the biologic properties of the purified hor- 
mones, their amino acid composition, and physical and chemical charac- 
teristics, they are distinct substances. MSH was not found to have any 
intrinsic ACTH activity, but ACTH could have as much as 1 per cent in- 
trinsic MSH activity. 

In spite of all the evidence indicating that the two hormones are separate, 
one remaining source of difficulty is that, in man and animals, elevated 
blood and urine levels of one hormone seem to be associated with an eleva- 
tion in the other. Furthermore, when cortisone or hydrocortisone is given 
to a patient having increased levels of ACTH and MSH, both hormones 
are reduced to normal (4, 25, 26). It seems as if production of the two 
hormones is similar and is regulated by like factors.‘ This finding is not 
incompatible with individuality of the two hormones. 


SUMMARY 


It was demonstrated that two distinct melanocyte-stimulating hormones 
(a- and B-MSH) are present in hog pituitary gland. The main active com- 
ponent (a-MSH) was isolated from hog posterior pituitary powder as a 
fraction homogeneous by counter-current distribution and paper electro- 
phoresis at different pH values. Physical and chemical properties and 
amino acid composition of a-MSH are described. MSH possesses no de- 
tectable ACTH or vasopressin activity. 


We want to thank Dr. I. I. Geschwind and Mr. David Chung for carry- 
ing out the amino acid analysis of a-MSH and permitting us to use their 
results on the amino acid composition of B-MSH. Dr. Rigas assisted in 
the electrophoretic studies, and the Armour Laboratories and Wilson and 
Company, Inc., supplied us with a total of 3 kilos of hog posterior pituitary 
powder. Suggestions by Dr. H. S. Mason were appreciated. Mrs. Loleta 
Thompson gave valuable technical assistance. 
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THE INHIBITION OF TRYPSIN 


IV. REACTION WITH DIETHYL p-NITROPHENYL PHOSPHATE IN THE 
PRESENCE OF UREA* 


By T. VISWANATHA? anv IRVIN E. LIENER 


(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, November 14, 1955) 


The inhibition of proteolytic enzymes by organophosphorus compounds 
has been extensively studied in recent years (1, 2). Such studies have 
shown that the reaction of trypsin with diisopropyl fluorophosphate (3) 
or diethyl p-nitrophenyl phosphate (DENP) (4) is accompanied by a loss 
in the proteolytic, esterase, and amidase activities of this enzyme. It is 
not certain, however, whether these inhibitors combine at the site respon- 
sible for the catalytic function of trypsin (4, 5). 

In a previous paper in this series (6), it was shown that, although trypsin 
was inactivated by concentrations of urea ranging from 3 to 5 M, its en- 
zymatic activity was retained in 6 to 8 m urea solution. Since most pro- 
teins are known to undergo rapid denaturation in high concentrations of 
urea, a more detailed examination has been made of the properties of trypsin 
in8 m urea. During the course of such studies it was noted that, unlike 
native trypsin, the proteolytic activity of urea-treated trypsin was not in- 
hibited by DENP. This observation prompted the present investigation, 
the object of which was to determine whether DENP reacts with trypsin 
at a site which differs from the site responsible for the catalytic function 
of the enzyme. 


EXPERIMENTAL 
Materials 


The trypsin employed was a twice crystallized product containing 50 per 
cent MgSO, purchased from the Worthington Biochemical Corporation, 
Freehold, New Jersey. The enzyme was rendered free of salt by dialysis 
against 0.001 n HCl, followed by lyophilization. A fresh stock solution of 
trypsin was prepared prior to each experiment, and the concentration of 
trypsin protein (mg. per ml.) was determined spectrophotometrically at 


* Paper 3457, Scientific Journal Series, Minnesota Agricultural Experiment Sta- 
tion. Partial financial support from the J. N. Tata Endowment Fund is gratefully 
acknowledged. A preliminary report of this investigation was presented at the 128th 
meeting of the American Chemical Society at Minneapolis, September 14, 1955. 

+ Present address, Carlsberg Laboratorium, Copenhagen, Denmark. 
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280 my by a conversion factor of 0.586 (7). The desired concentration 
of trypsin was obtained by suitable dilution of the stock solution. 

DENP was kindly furnished by Dr. William Summerson of the Chemical 
Corps Medical Laboratories, Army Chemical Center, Maryland. A stock 
solution of 3 X 10-* M, prepared in isopropanol and stored at 4°, was diluted 
to the desired concentration with isopropanol just prior to its use. 

Diethyl phosphoryl trypsin (DEPT) was prepared by treating 90 mg. of 
trypsin in 5 ml. of 0.05 m borate buffer, pH 7.6, containing 0.01 m CaCh, 
with 2 ml. of the stock DENP solution for 48 hours at room temperature, 
After removal of the unchanged DENP by dialysis, proteolytic activity 
was measured on casein as described below. Treatment with successive 
2 ml. portions of stock DENP solution was continued in this fashion until 
there was no further loss in activity. Three such treatments yielded a prep- 
aration which had from 0.5 to 1.0 per cent of the activity of a control enzyme 
solution which lacked DENP. DEPT was also prepared in the presence 
of urea by the same procedure with borate buffer containing 8.3m urea. In 
this instance, however, precipitation of the protein occurred upon dialysis, 
which made it impossible to measure its activity. Three successive treat- 
ments with DENP were therefore assumed to yield completely changed 
DEPT. Both preparations of DEPT were lyophilized and stored in a dry 
state. 


4 


Methods 


Proteolytic activity was determined by an adaptation of the method of 
Kunitz (8), either 2 per cent casein or 2 per cent denatured hemoglobin dis- 
solved in 0.05 m borate buffer, pH 7.6, being used. Hemoglobin was de- 
natured by using a buffer solution containing 6.7 mM urea (9). To the en- 
zyme solution in a volume of 1 ml. was added 1 ml. of the borate buffer, 
followed by the addition of 3 ml. of substrate solution. After a digestion 
period of 10 minutes at 37°, the reaction was stopped with 5 ml. of 5 per 
cent trichloroacetic acid, and the absorbance of the filtrate was read at 
280 mu. 

Esterase activity was measured by the spectrophotometric method of 
Schwert and Takenaka (10) with a-N-benzoyl-L-arginine methyl ester as 
the substrate. 

The effect of DENP on the proteolytic and esterase activities of trypsin 
in the presence or absence of urea was studied as follows. To 600 y of tryp- 
sin in 4 ml. of 0.05 m borate buffer, pH 7.6, containing 8.3 m urea was 
added 1 ml. of 6 X 10-*m DENP in isopropanol. A similar system from 
which urea had been omitted contained 0.02 m CaCl, to minimize self- 
digestion of the enzyme (11-13). 1 ml. of isopropanol replaced the DENP 
solution in controls set up to measure losses in activity in the absence of 
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DENP. Enzyme-free controls were also necessary to correct for the 
spontaneous hydrolysis of DENP during the course of the reaction. The 
reaction was allowed to proceed at 25°, during which time the liberation 
of p-nitrophenol (PNP) was measured according to the method of Hart- 
ley and Kilby (14), and the proteolytic (casein substrate) and esterase 
activities on 0.1 ml. aliquots were determined as described above. The 
reaction was assumed to be complete when no further increase in PNP 
could be detected (usually after 48 hours, although final readings were re- 
corded at the end of 72 hours). The maximal PNP released under these 
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Fig. 1. The release of PNP and the loss in proteolytic activity accompanying the 
reaction of DENP with trypsin in the presence or absence of 8.3 m urea. See ‘‘Meth- 
ods” for experimental details. The ordinate on the left is the PNP liberated as a 
percentage of the theoretical maximum (broken curves). The ordinate on the right 
is the loss in proteolytic activity (on casein substrate) as a percentage of the initial 
activity (solid curves). O, with DENP; @, without DENP. 


conditions in the presence or absence of urea was found to be 0.90 and 0.92 
mole per mole of trypsin, respectively, assuming the latter to have a mo- 
lecular weight of 20,000 (15). This corresponds rather closely to the theo- 
retical value of 1.0 based on a stoichiometric reaction between DEPT and 
trypsin in a molar ratio of 1:1 (4). 


Results 
Reaction of DENP with Trypsin in Presence or Absence of Urea 


The liberation of PNP and the changes in proteolytic activity of trypsin 
treated with DENP in the presence and absence of urea are recorded in 
Fig. 1. In the absence of urea, the rate at which PNP was liberated closely 
paralleled the loss in proteolytic activity, an observation similar to that 
reported earlier by Kilby and Youatt (4). In the presence of urea, a simi- 


XUM 











964 INHIBITION OF TRYPSIN 


lar rate of release of PNP was obtained, but of particular interest is the fact 
that the proteolytic activity of the enzyme was essentially unaffected by 
DENP. The loss in activity that did occur could be accounted for by the 
loss in activity which was apparent in the control to which no DENP had 
been added. Although not included in Fig. 1, the changes in esterase actiy- 
ity were quite similar to those presented for the proteolytic activity of the 
enzyme. 

To rule out the possibility that trypsin was merely catalyzing the hy- 
drolysis of DENP, samples of DEPT prepared in the presence and absence 


TABLE I 
Effect of Urea on Activity of DEPT 
100 y of DEPT* were dissolved in 1 ml. of 0.05 m borate buffer containing various 
concentrations of urea to give 0 to 8 M solutions and, where indicated, 0.01 m CaCl. 


Proteolytic activity was determined on urea-denatured hemoglobin as described in 
the text. 











Per cent reactivationt 
Urea concentration 
No CaClz 0.01 mu CaCl 
moles per 1. 
0 10.0 21.0 
2 8.0 18.0 
4 4.0 18.0 
6 1.0 12.0 
8 0 6.0 











* Based on the extinction coefficient of DEPT at 280 my (EI%, = 15.4), a value 
which is about 10 per cent less than that reported for trypsin (17). 

+ Per cent of the activity of an equivalent level of trypsin as measured in the 
absence of urea or CaCl. 


of urea were analyzed for total phosphorus by the method of Sumner (16). 
DEPT prepared in buffer alone and in buffered urea solution was found to 
contain 0.150 and 0.129 per cent total P, respectively (moisture-free basis). 
The calculated P content of DEPT is 0.155 per cent. The release of PNP 
must therefore reflect a chemical reaction between trypsin and DENP both 
in the presence and in the absence of urea. 


Reactivation of DEPT 


The observation that trypsin in the presence of urea could react with a 
stoichiometric amount of DENP without losing its enzymatic activity sug- 
gested the possibility that urea might be capable of restoring the activity 
of DEPT which had been prepared in the absence of urea. 

DEPT was dissolved in various concentrations of urea with and without 


Cat 
glol 
tair 
Ine: 
rest 
whi 
of t 


reac 
Eae 
tain 
Aft 
teol 
the 

cur 
stra 
wit! 


hay 
wai 
Fig 
act 
DI 
the 
ins 
zy) 
cat 





XUM 


fact 
d by 
y the 
had 
ctiv- 
f the 


» hy- 
sence 


rious 
’aCly. 


ved in 





value 


in the 


(16). 
nd to 
asis). 
PNP 
both 


rith a 
r sug- 
tivity 


thout 


T. VISWANATHA AND I. E. LIENER 965 


CaCl, and its activity subsequently measured on urea-denatured hemo- 
globin. As shown in Table I, the greatest degree of reactivation is ob- 
tained when DEPT is dissolved in urea-free solution containing Ca ions. 
Increasing the concentration of urea caused a progressive decrease in the 
restoration of activity that was obtained. These data were contrary to 
what had been anticipated, and will be further considered in the discussion 
of these results. 
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Fic. 2. The release of PNP and the loss in proteolytic activity accompanying the 
reaction of DENP with urea-treated trypsin in the presence and absence of cysteine. 
Each system contained 600 y of trypsin in 4 ml. of 0.05 m borate buffer, pH 7.6, con- 
taining 8.3 M urea and 0.01 m CaCl», in the presence or absence of 0.005 m L-cysteine. 
After adding 1 ml. of 6 X 10-* m DENP in isopropanol, the release of PNP and pro- 
teolytic activity were determined as described under ‘“‘Methods.’”’ The ordinate on 
the left is the PNP released as a percentage of the theoretical maximum (broken 
curves). The ordinate on the right is the loss in proteolytic activity (on casein sub- 
strate) as a percentage of the initial activity (solid curves). ©, with cysteine; @, 
without cysteine. 


Influence of Cysteine 


Although low concentrations of thiol compounds have been reported to 
have little, if any, effect on trypsin activity (18, 19), urea-treated trypsin 
was found to be rapidly inactivated by 0.005 m cysteine. As shown in 
Fig. 2, not only was urea-treated trypsin completely devoid of proteolytic 
activity in the presence of 0.005 m cysteine, but its ability to react with 
DENP was likewise destroyed. The reaction of urea-treated trypsin in 
the absence of cysteine is presented for comparative purposes. In this 
instance it is again evident that much of the proteolytic activity of the en- 
zyme has been retained in spite of its ability to react with DENP, as indi- 
cated by the release of nearly the theoretical amount of PNP. 
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Evidence for Denaturation of Trypsin by Urea 


The enhanced susceptibility of urea-treated trypsin to cysteine inactiva- 
tion suggested the unmasking of disulfide linkages which often accompanies 
denaturation of proteins (20). Further evidence, relating to the possi- 
bility that urea-treated trypsin possesses the characteristics of denatured 
protein, was therefore sought. 

Optical Rotation Studies—Advantage was taken of the fact that the op- 
tical rotation of many proteins is known to increase upon denaturation 
(21, 22). The optical rotation of trypsin exposed to 8.3 M urea was com- 
pared with untreated trypsin and with trypsin which had been denatured 


TABLE II 
Optical Rotation of Urea-Treated Trypsin 
In each system was 1 per cent trypsin dissolved in 0.05 m borate buffer, pH 7.6, 
containing 0.02 m CaCl.. The buffer also contained 8.3 m urea in the case of the 
urea-treated trypsin. Proteolytic activity was measured on casein substrate as 
described in the text. 























Trypsin in buffer Trypsin in urea Heat-treated trypsint 
Time* 
gt | aceibs | ip | tami | tom | a 
degrees per cent degrees per cent dupes | = ont 
Ee rene —45.4 0 | —124.8 0 —150.0 100 
Ee a eee —47.0 3.0 —124.8 0 —150.0 100 











* All solutions were allowed to stand at room temperature (25.5°) for the time 
indicated. 

t Autoclaved at 15 pounds pressure for 15 minutes. The precipitated material 
was redissolved in buffer solution containing urea. 

¢t Compared to the initial activity at zero time. 


by heat. The data presented in Table II demonstrate that trypsin dis- 
solved in urea remained fully active, yet had an optical rotation almost 
3 times as great as trypsin prepared in buffer alone. The rotation of heat- 
denatured trypsin was only slightly greater than that of the urea-treated 
trypsin. 

Digestion by Tetrahymena Proteinase—From concurrent studies in this 
laboratory (23, 24), a proteinase, isolated from Tetrahymena pyriformis W, 
was available which was capable of attacking denatured proteins but un- 
able to split native proteins. The susceptibility of urea-treated trypsin 
to attack by a crystalline preparation of this proteinase (24) was therefore 
studied. As can be seen from Table III, native trypsin was not attacked 
by the proteinase, and the slight loss in activity which ensued was the same 
in the presence or absence of the proteinase. The urea-treated trypsin, 
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on the other hand, was readily digested under the same conditions as those 
revealed by the absorption of the split products at 280 mu. Unfortunately, 
the presence of cysteine which is required to activate the Tetrahymena pro- 
teinase (24) caused a complete loss in the activity of trypsin, even in the 
urea system lacking the proteinase. This made it impossible to assess the 
effect of digestion per se on the activity of trypsin. It is interesting to note 
that the activity of trypsin in the absence of urea was not affected by the 
amount of cysteine used to activate the proteinase. 


TaBLe III 


Digestion of Trypsin in Presence or Absence of Urea by Crystalline 
Tetrahymena Proteinase 

1 ml. of al per cent trypsin solution in 0.05 m borate buffer, pH 7.5, containing 0.02 
m CaCle, with and without 8.3 m urea, was treated with 0.25 ml. of proteinase solu- 
tion (6 y of enzyme N) containing 0.05 mM L-cysteine. Control tubes containing cys- 
teine without added proteinase were likewise included. After standing for 1 hour 
at 37°, a 0.1 ml. aliquot was removed for the determination of proteolytic activity 
on casein, and 1 ml. was deproteinized with 5 ml. of 5 per cent trichloroacetic 
acid. The absorbance of the filtrate was read at 280 mu. 














Trypsin in buffer | Trypsin in 8.3 m urea 
System l ] 
| Loss in activity* aeteene at | Loss in activity® | Abesshonce at 
per cent per cent | 
Without proteinase....... | 8 0 | 100 0 
With proteinase........... 8 0 | 100 0.180 


' 





* Compared to the activity of systems in which the enzyme-cysteine solution was 
replaced by borate buffer. 


DISCUSSION 


The loss in enzymatic activity which accompanies the reaction of native 
trypsin with DENP would suggest that the site at which DENP reacts is 
normally so close to the catalytic site that the introduction of the diethyl 
phosphoryl moiety interferes with the hydrolytic function of the enzyme. 
That the site of reaction with DENP is not identical with the catalytic 
site, however, is strongly suggested by the observation that, in the presence 
of urea, the enzyme is capable of reacting with DENP without losing its 
ability to split peptide and ester bonds. The effect of urea may be visual- 
ized as an unfolding of the trypsin molecule due to the rupture of hydrogen 
bonds as postulated for other proteins (25). In so doing, these two sites 
may become spatially dissociated so that each becomes free to participate 
in its own peculiar function; 7.e., the liberation of PNP from DENP and the 
hydrolysis of peptide and ester linkages. 
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A further consequence of the structural change induced by urea appears 
to be the unmasking of disulfide linkages which are known to be present in 
trypsin (19). In the native molecule these disulfide linkages are not readily 
reduced (19), but, in the presence of urea, cysteine causes complete inacti- 
vation of trypsin with respect to its enzymatic activity as well as its reactiy- 
ity towards DENP. It is suggested that the disulfide linkages provide 
restricting cross-linkages which protect the molecule from further unfolding 
in the presence of urea. Rupture of these linkages by reduction with cys- 
teine may lead to a loss in activity in much the same manner as the inactiva- 
tion of insulin by thiol compounds (26). Thus far, attempts to reactivate 
cysteine-inactivated trypsin have not proved successful; indeed, it is quite 
possible that the derangement of the molecule caused by the rupture of 
disulfide linkages may be an irreversible process (25). 

Additional evidence that urea-treated trypsin represents an unfolded, 
expanded molecule characteristic of denatured protein is provided by (a) 
the marked increase in levorotation and (b) the enhanced susceptibility to 
digestion by the Tetrahymena proteinase which is known to attack dena- 
tured but not native proteins. While this work was in progress, Anfinsen 
et al. (27) reported that the enzymatic activity of ribonuclease was also re- 
tained under conditions in which the molecule exhibited the characteristics 
of denatured protein. 

Although DEPT was essentially inactive when measured on casein sub- 
strate, 10 to 20 per cent of the original activity was obtained when urea- 
denatured hemoglobin was employed as the substrate. It seems likely 
that the urea contained in the hemoglobin substrate solution is responsible 
for this difference between the two substrates, the urea acting to unmask 
the catalytic site of the enzyme in accordance with the views expressed 
above. On the other hand, exposing DEPT to increasing concentrations 
of urea up to 8 m prior to the addition of the substrate reduced the extent 
of reactivation observed upon the addition of the urea-denatured hemo- 
globin. It may be that, in the absence of substrate, the unfolding of the 
DEPT molecule caused by urea has irreversibly exceeded the point re- 
quired for catalytic activity. The presence of substrate may restrict the 
complete unfolding of the molecule so that its catalytic function is at least 
partially restored. This stabilizing effect of the substrate appears to be 
enhanced by Ca ions. The protective influence of substrate and Ca ions 
on the inactivation of trypsin by lower concentrations of urea, 3 M to 5 M, 
has already been pointed out (6). 


SUMMARY 


In the absence of urea, the reaction of diethyl p-nitrophenyl phosphate 
(DENP) with trypsin, as measured by the liberation of p-nitrophenol, was 
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accompanied by corresponding losses in proteolytic and esterase activities. 
In the presence of 8.3 M urea, the reaction between DENP and trypsin pro- 
ceeded without concomitant losses in enzymatic activity. 

Although ineffective against trypsin in the absence of urea, cysteine added 
to trypsin in the presence of urea completely destroyed its enzymatic activ- 
ity as well as its reactivity towards DENP. 

Although enzymatically inert towards casein, diethyl phosphoryl] trypsin 
(DEPT) displayed 10 to 20 per cent of its original activity when urea-de- 
natured hemoglobin was provided as the substrate. Exposure of DEPT 
to urea prior to the addition of the latter substrate tended to reduce the 
amount of reactivation that could be obtained. 

An increased optical rotation and an enhanced susceptibility to digestion 
by the Tetrahymena proteinase support the view that urea-treated trypsin 
is in a denatured state. 


Addendum—Subsequent to the acceptance of this paper for publication, several 
reports (28, 29) have appeared which indicate that trypsin treated with 8 m urea is 
actually enzymatically inactive and denatured but rapidly regains its activity when 
assayed by dilution under the conditions described under ‘“‘“Methods.”’ The activity 
measurements recorded here reflect, therefore, the ability of the denatured enzyme 
to revert to its native, active form. 
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(1955), By F. M. HUENNEKENS, E. NURK, ann BEVERLY W. GABRIO 
1956). (From the Departments of Biochemistry and Medicine, University of Washington, 
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tensen, Previous studies from this laboratory on the preservation of erythrocytes 


stored in vitro have shown that the storage lesion, as characterized by the 
decline in level of organic phosphate esters, may be reversed by incubating 
the aged cells with certain purine nucleosides (1). Pyrimidine nucleosides 
were ineffective in this respect, as was the addition of the purine bases and 
ribose, alone or in combination. These observations, together with the 
fact that reincorporation of inorganic phosphate! into the organic phosphate 
fractions paralleled the restoration of viability (2), suggested that the ini- 
tial reaction was being carried out by a purine nucleoside phosphorylase, 


Purine riboside + Pi; — purine + R-1-P (1) 


an enzyme whose existence in the erythrocyte had been suggested previously 
by the work of Dische (3), and more recently by Prankerd and Altman (4). 

Preliminary reports of this investigation have established the réle of 
nucleoside phosphorylase in the preservation of erythrocytes (5, 6). The 
present communication will describe the preparation, assay, and properties 
of this enzyme, which, in many respects, resembles the purine nucleoside 
phosphorylase found in liver (7) and brain (8). 


EXPERIMENTAL 


Materials—Whole blood, stored in ACD (National Institutes of Health, 
Formula B), was made available through the cooperation of Dr. Richard 
Czajkowski of the King County Central Blood Bank. Xanthine oxidase 
was isolated from cream by the method of Mackler et al. (9), through the 
first ammonium sulfate fractionation. Crystalline beef liver catalase was 
obtained from the Worthington Biochemical Corporation. 

Calcium phosphate gel was prepared according to the method of Keilin 
and Hartree (10) and aged for at least 3 months before use. 

* Aided by grants from the Office of the Surgeon General of the Department of 


the Army, the United States Atomic Energy Commission, and the United States 
Public Health Service. 

1 The following abbreviations are used: P;, inorganic phosphate; R-1-P, ribose- 
1-phosphate; R-5-P, ribose-5-phosphate; ACD, acid-citrate-dextrose medium; Tris, 
tris(hydroxymethyl)aminomethane. 
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Adenosine, inosine, and cytidine were obtained from the Schwarz Labo- 
ratories, Inc., uridine and thymidine from the California Foundation for 
Biochemical Research, xanthosine, xanthine, guanosine, hypoxanthine, and 
R-5-P from the Nutritional Biochemicals Corporation, uric acid from the 
Eastman Kodak Company, and ribose from the Mann Research Labora- 
tories. 

2,6-Diaminopurine riboside was generously supplied by Dr. G. B,. 
Brown, adenosine mono- and trisulfate by Dr. A. Hock, and R-1-P by 
Dr. H. L. A. Tarr. 

Methods—Since previous studies (7, 8, 11, 12) with nucleoside phospho- 
rylases from various sources had shown that Reaction 1 is actually a revers- 
ible equilibrium favoring the synthetic direction, it was desirable in the 
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Fic. 1. Hemolysate prepared as described in the experimental section and sub- 
sequently diluted 1:10 for the experiment. Duration of experiment, 60 minutes. 





present study to shift the equilibrium in the direction of breakdown. This 
has been accomplished either by oxidizing the liberated purine base, hypo- 
xanthine, with xanthine oxidase (7) or by the use of arsenate to “trap” the 
pentose moiety. 

For most purposes, the nucleoside phosphorylase may be assayed satis- 
factorily by coupling the system with xanthine oxidase and following the 
reaction manometrically. The manometer cups contained 10 umoles of 
inosine, 100 umoles of phosphate buffer, pH 7.5, 0.01 ml. (100 units) of 
catalase, 50 umoles of ethanol, 0.1 ml. of xanthine oxidase (0.9 mg. of pro- 
tein), and the phosphorylase, all contained in 2.8 ml. Inosine was omitted 
in the blanks. The center well contained 0.2 ml. of 6 m KOH; the cups 
were gassed with air and equilibrated in the water bath at 38° for 10 minutes 
before closing the stop-cocks. Over several hours, the rate of oxygen up- 
take was linear with time and linear with phosphorylase concentration 
(cf. Fig. 1), provided that the total uptake did not exceed 125 ul. per hour. 
1 unit of phosphorylase is defined as that amount which causes the uptake 
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of 1 microatom of oxygen per hour. Specific activity is defined as units of 
enzyme per mg. of protein. Protein was estimated by the biuret method 
(13) with crystalline bovine serum albumin as the standard, and hemo- 
globin was determined spectrophotometrically at 540 my (14). 

For preparations of the enzyme which were freed from hemoglobin, it 
was possible to follow the coupled reaction of phosphorylase with xanthine 
oxidase by the spectrophotometric method of Kalckar, i.e. by following 
the appearance of uric acid at 290 my (7). The assay system in 1 cm. 








& .400- 
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~ .200- 
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400- 
0.2 mi 
& .200- 
ly 0.1 mi 











re) 2 4 € 6 10 
Time (Min.) 
Fie. 2. Spectrophotometric assay as described in the experimental section 


quartz cuvettes was identical to that above for the manometric assay, 
except that the phosphorylase was diluted so that the change in optical 
density at 290 mu was less than 0.500 over a 10 minute period. Under 
these conditions, the activity was linear with time and proportional to en- 
zyme concentration, as shown in Fig. 2. 

The above assays require that inosine be used as substrate. A more 
general method, applicable to all reactive purine ribonucleosides, is ob- 
tained by substituting arsenate for phosphate and measuring the ribose 
liberated. 


Purine-ribose + arsenate — purine + ribose-l-arsenate (2) 


Ribose-l-arsenate + H.O — ribose + arsenate (8) 


XUM 
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The assay system contained 10 umoles of the nucleoside, 20 umoles of ar. 
senate, 100 umoles of Tris buffer, pH 7.5, phosphorylase, and water to make 
3.0 ml. The tubes were sealed and incubated for 3 hours at 38°. At the 
end of this time, the tube contents were heat-deproteinized by immersion 
in a boiling water bath for 5 minutes, the denatured protein was removed 
by centrifugation, and 1.0 ml. samples of the supernatant fluid were taken 
for ribose analysis by using the method of Nelson for reducing sugars (15), 


RESULTS AND DISCUSSION 


Purification of Enzyme’—Fresh, human erythrocytes were washed three 
times by suspension and centrifugation in 3 volumes of cold 0.9 per cent 
sodium chloride and resuspended in saline solution to approximately the 
original hematocrit (about 50). The cell suspension was hemolyzed by 
quick freezing (dry ice and ethylene glycol monomethy] ether) and quick 
thawing three times, and the stroma fraction was removed by centrifuga- 
tion. 

90 ml. of hemolysate (Fraction I) were diluted with 360 ml. of cold water, 
the solution was taken to pH 5.4 with 1 N acetic acid, and the precipitate 
was removed by centrifugation. The supernatant fluid was adjusted to 
pH 7.5 with 1 N sodium hydroxide and dialyzed overnight against 10 liters 
of water. In 250 ml. portions, the solution was then readjusted to pH 5.5 
and 600 ml. of water and 150 ml. of calcium phosphate gel (about 15 mg. 
per ml. of dry weight) were added in that order. The mixture was stirred 
mechanically for 15 minutes, followed by centrifugation. The supernatant 
fluid was discarded, and the gel was washed three times, each with 130 ml. 
of water by suspension and centrifugation. The enzyme was eluted from 
the gel with 60 ml. of 0.5 m phosphate buffer, pH 8.0, by suspension and 
centrifugation. The gel was treated as before with an additional 60 ml. 
portion of buffer and the two supernatant fluids were combined and dialyzed 
with mechanical stirring for 2 hours against water (Fraction I). 

In 50 to 60 ml. portions, the dialyzed enzyme was brought as rapidly as 
possible to 60° and held at this temperature for 5 minutes. The solution 
was cooled rapidly in an ice bath, and the denatured protein was removed 
by centrifugation. 

The supernatant fluid was brought to approximately 60 per cent of 
saturation by adding, in small portions, 42.6 gm. of solid ammonium sulfate 
per 100 ml. of solution. After the final addition, the solution was stirred 
gently for an additional 15 minutes, and the precipitate was recovered by 
centrifugation, dissolved in 8 to 10 ml. of water, and dialyzed for 2 hours 

2 Unless otherwise specified, all operations are carried out at 0-5° and centrifu- 


gations are performed at 2300 X g for 30 minutes in the International refrigerated 
centrifuge, model PR-1. 
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with stirring against water. After dialysis, any denatured material was 
removed by centrifugation. The supernatant fluid (Fraction III) may be 
stored in the frozen state.or lyophilized and stored frozen as a dry powder. 
Under these conditions the enzyme remains active over several months of 
storage. 

A summary of a representative purification procedure is given in Table 
I, where it is seen that there is about a 150-fold over-all purification from 
the hemolysate stage with a 50 per cent yield of enzyme recovered. In 
all preparations the specific activity of Fraction III varied between 300 
and 500. 

Since hemoglobin comprises more than 90 per cent of the total protein 
in hemolysates, it is evident that the removal of this chromoprotein consti- 
tutes the major problem in the purification of any erythrocyte enzyme. 
In the present procedure, the hemoglobin remains in solution and is dis- 


TaBLe I 








Purification of Phosphorylase 


Phosphory]l- | | Specific 











Fraction No. | Volume ase activity | Protein | activity 
ae. ‘aelamese, 
ml. | units | mg. per ml. | Fog tM 
| 
EN oss Sicicwsctwa wea seeienis 90 27,630 | 140* | 2.2 
II. Calcium phosphate gel eluate.........| 125 | 22,700 | 2.3 | @ 
III. 60% ammonium sulfate............... 12 | 13,800 3.4 | 340 





* Based upon hemoglobin determination. 


carded when the enzyme is adsorbed onto calcium phosphate gel. The 
phosphorylase, however, retains a reddish color when eluted from the gel, 
and this color is not diminished by repetition of the gel treatment. Even 
at the higher stage of purity (Fraction III), the enzyme has a reddish color. 
The absorption spectrum of the purified enzyme (peaks at 576, 408, 290 
(shoulder), and 275 my) is somewhat similar to that of highly purified 
methemoglobin reductase (16), although no reductase activity can be dem- 
onstrated in the phosphorylase preparations. 

Component Study of Reaction—By using the manometric assay system, 
wherein the phosphorylase reaction is coupled with xanthine oxidase, it 
was possible to demonstrate an absolute requirement for (1) the substrate, 
inosine, (2) phosphate (or arsenate), (3) the phosphorylase, and (4) xan- 
thine oxidase (cf. Table II and Figs. 3 and 4). It was possible to show 
also a partial requirement for the catalase-ethanol system to remove hy- 
drogen peroxide; the lack of an absolute requirement for the latter system 
indicated that one of the enzymes in the assay still contains traces of en- 
dogenous catalase. 
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In manometric experiments in which limiting amounts of substrates 
(1 to 2 wmoles) were used in order to obtain complete oxidation, it was 
observed that an additional 1 microatom of oxygen was taken up when 
inosine was compared with hypoxanthine. It would appear, therefore, 
that the ribose phosphate, formed in the phosphorylase reaction, is metab- 


Taste II 
Component Study 


Manometric assay as described in experimental section, except that the complete 
system contained 100 umoles of Tris buffer, pH 7.5, and 20 wmoles of phosphate, 
Reaction time, 210 minutes. 











Component omitted Os: uptake 

| microatoms 
US LA as LR Saeki eg gO a 34.3 
I 50 crag hh. RAN e a's whe sealh. a Roos Paws vow Laadvwoan’ 0.5 
I go chs ge cade ci ob dal ore, ca Aube ncaa care uare 0.1 
aie See er ae bo aed eee dt basedides §.1 
Arsenate, replacing phosphate. ............................0-. 25.0 
Ethanol and catalase............0.0 0.0.0 ccc ccc cece cece eeeeeeees | 27.8 
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Fic. 3. Manometric assay as described in the experimental section with amounts 
of inosine as indicated. 


olized further along an oxidative pathway. In this connection, it is of 
interest to recall the observation of Francoeur and Denstedt (17) that 
ribose-5-phosphate is peroxidized by HO in the presence of catalase, 
although the oxidation product was not characterized. The further me- 
tabolism of the pentose moiety, liberated in erythrocyte phosphorylase 
reaction, is presently under investigation. 

Products of Reaction—During the initial phases of this investigation it 
had been determined that the enzyme had an absolute requirement for 
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strates | phosphate or arsenate (cf. Fig. 4), and that in the latter case the liberated 
it was | ribose could be measured colorimetrically. When inosine was used as 
| When | substrate, the reaction product, hypoxanthine, could be linked to xanthine 
refore, | oxidase. These observations, and the other close similarities between the 
netab- | erythrocyte enzyme and its counterparts in liver (7) or brain (8), left little 
doubt that the phosphorylase reaction in this case proceeded according to 
Reactions 1 to 3. Additional evidence for this assumption was obtained 
from experiments wherein aliquots from phosphorylase reaction mixtures 
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Fic. 4. Spectrophotometric assay as described in the experimental section with 
the indicated amounts of phosphate (A) and arsenate (©). 

Fic. 5. Spectrophotometric assay as described in the experimental section with 
the phosphate concentrations expressed in reciprocal units on the abscissa. In- 
dividual determinations in the absence (©) and presence (A) of 2 wmoles of pyro- 
phosphate were made. Initial velocity (v) (Alog Jo/ZJ at 290 my over a 10 minute 
interval) is expressed in reciprocal units on the ordinate. 


separated from the free bases by chromatography in Solvent System A, 
mounts | Sobutyric acid-water-concentrated ammonia (66:33:1), and located by 
inspection under ultraviolet light (Mineralite). Under these conditions, 
it was shown that hypoxanthine (Rr = 0.63) was released from inosine 
t is of | (Ry = 0.50) and guanine (Rr = 0.66) from guanosine (Rr = 0.53). In 
’) that | addition, the nature of the ribose moiety released was ascertained by chro- 
italase, | matographing aliquots of reaction mixtures in Solvent System A and in a 
er me- | second system, Solvent System B, methanol-88 per cent formic acid- 
orylase | water (70:25:5), and by making use of the molybdate spray reagent (18) 
to locate phosphate esters and aniline trichloroacetate reagent (19) to locate 
ition it | free sugars. As expected, in the presence of arsenate, free ribose (Rr in 
ent for | Solvent System A = 0.48; Ry in Solvent System B = 0.67) was the only 
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reaction product. When phosphate was substituted for arsenate, R-1-P 
(Rr in Solvent System A = 0.24; Ry in Solvent System B = 0.54) was the 
principal product.’ In crude hemolysates or preparations of the partially 
purified enzyme, several phosphate esters in addition to R-1-P were ob. 
served on the paper chromatograms. One of these has been identified by 
comparison with a known standard as R-5-P (Rr in Solvent System A = 
0.23; Rr in Solvent System B = 0.67). This substance undoubtedly arises 
from R-1-P through the action of phosphoribomutase in erythrocytes (20), 

Evidence that the erythrocyte phosphorylase can catalyze Reaction | 
in the direction of nucleoside synthesis can be obtained also by paper chro- 
matographic methods. In a typical experiment, 100 wmoles of R-5-P, 
100 umoles of hypoxanthine, and 20 uwmoles of Mgt+ were incubated for 
90 minutes at 37° with 20 ml. of stroma-free hemolysate. Neutralized 
perchloric acid filtrates were prepared from this reaction mixture. Hypo- 
xanthine was determined with xanthine oxidase, and an aliquot of the fil- 
trate was subjected to paper chromatography in Solvent System A. It 
was found that 77 wmoles of hypoxanthine remained after incubation (23 
umoles of hypoxanthine having been utilized). Quantitative densitometry! 
of the paper chromatograms indicated a ratio of 0.28 for the inosine and 
hypoxanthine areas. From the above enzymatic estimation of 77 umoles 
of hypoxanthine remaining, it follows that 0.28 X 77 umoles or 22 umoles 
of inosine have been formed during the reaction, an amount which is in 
good agreement with that of the hypoxanthine utilized. 

Kinetic Properties of Enzyme—The enzyme displays a broad pH optimum 
in the range pH 7.0 to 8.5. There is no diminution of activity when phos- 
phate buffer is replaced by Tris or glycylglycine buffer, provided that 
phosphate or arsenate is present in catalytic amounts. 

The effects of inosine, phosphate, and arsenate concentrations upon the 
reaction are illustrated in Figs. 3 and 4, respectively. The Michaelis con- 
stant (K,,) values, calculated by the Lineweaver-Burk method (21) from 
the double reciprocal plots, are 1.0 X 10-* m for inosine, phosphate, or 
arsenate. The K,, value for inosine with the purified enzyme is of the 
same order of magnitude as noted previously for the over-all utilization of 
nucleosides during the rejuvenation of intact stored cells (1). It is also 
in good agreement with the value reported by Robins et al. (8) for the brain 


3 It is of interest that R-1-P gives a yellow color with the molybdate spray re- 
agent (18) and a brown color with the aniline-trichloroacetate reagent (19), whereas 
glucose-1-phosphate, which moves with essentially the same Rr value in these sol- 
vent systems, gives a blue color with the first reagent and no reaction with the sec- 
ond. This difference in behavior is due undoubtedly to the greater lability of the 
phosphate ester linkage in R-1-P. 

4 Photovolt densitometer, model 301-A, phototube B, filter 5265, wave-length, 
253 mu. 
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enzyme, but considerably larger than that for the beef liver enzyme (11, 22). 
The K,, value for phosphate is likewise in good agreement with that reported 
for the brain enzyme (8), but again larger than that for the beef liver 
preparation (11). From Fig. 4 it can be seen that the maximal velocity 
obtained with arsenate is only 44 per cent of that with phosphate. This 
finding is in agreement with the value of 53 per cent reported by Rowen 
and Kornberg for the beef liver phosphorylase acting upon nicotinamide 
riboside (11). 

Substrate Specificity—In a previous communication (6), it was pointed 
out that the crude hemolysate contains the necessary enzymes to split 
inosine, adenosine, guanosine, xanthosine, and 2 ,6-diaminopurine riboside. 
If the rate with inosine is expressed arbitrarily as 100, the relative rates of 
splitting of the other nucleosides are 65, 60, 40, and 25, respectively. The 
purified enzyme cleaves only inosine and guanosine with the relative rates 
of 100 and 60. Adenosine mono- and trisulfates, and the pyrimidine ribo- 
nucleosides, thymidine, uridine, and cytidine, are not cleaved in either the 
crude or purified systems. In addition, pyrimidine nucleosides do not in- 
hibit the splitting of purine nucleosides. The above results are interpreted 
to mean that the purified enzyme splits only inosine and guanosine, in 
agreement with the substrate specificity noted by Kalckar for rat liver 
phosphorylase (7), and that in the crude hemolysate other enzymes must 
convert the other nucleosides to one of these two actual substrates. It is 
known that erythrocytes contain a powerful adenosine deaminase,’ which 
is in keeping with our finding that equimolar amounts of ammonia are 
produced when aged erythrocytes are rejuvenated with adenosine (23). 
It is evident that adenosine is converted directly to inosine before phos- 
phorolysis. 

In preliminary experiments, it has been shown that ribose is liberated 
when xanthosine is split by crude hemolysates in the presence of arsenate. 
However, no oxygen uptake is observed when xanthosine is split by the 
phosphorylase-xanthine oxidase system. This would appear to rule out 
both the direct splitting of xanthosine to xanthine, or a conversion of 
xanthosine to inosine followed by splitting to hypoxanthine, since both 
hypoxanthine and xanthine would react in the xanthine oxidase system. 
Accordingly, the most plausible explanation would appear to be the conver- 
sion of xanthosine to guanosine, followed by phosphorolysis; this possibility 
is now being investigated. 

Effect of Activators and Inhibitors—The enzyme is not inhibited by 
sodium Versenate or by fluoride, and this evidence, along with the lack of 
any demonstrable activation by a variety of metal ions, suggests that no 
metal ion is involved in the phosphorylase reaction. The enzyme is in- 


5 Bo Norberg, private communication. 
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hibited completely in the presence of 10-* m p-chloromercuribenzoate or 
10- m iodoacetate, which suggests that the enzyme contains essential thiol 
groups. An inhibition of 50 per cent in the presence of 10~ m 2 ,4-dinitro. 
phenol is of interest, since dinitrophenol is known to “uncouple” oxidative 
phosphorylation (24), a reaction similar to that of Reaction 1 wherein P, 
is converted to organic phosphate. However, the inhibition of oxidative 
phosphorylation occurs at lower levels of dinitrophenol (10~* to 10~* y), 

The enzyme is inhibited competitively by pyrophosphate, as shown by 
the plot of Fig. 5. From these data, a K; value of 3.3 X 107‘ Mm may be 
calculated for pyrophosphate. The finding that pyrophosphate has a 
higher “affinity” for the enzyme than the natural cosubstrate, phosphate, 
is of interest, although the significance of this observation to erythrocyte 
metabolism is as yet unknown. 


The authors are indebted to Miss Marion Hennessey, Mrs. Mary Jane 
Osborn, and Mrs. Cherie Howry for their expert assistance on this problem. 


SUMMARY 


1. Purine nucleoside phosphorylase has been purified about 150-fold 
from erythrocytes by means of adsorption and elution from calcium phos- 
phate gel, selective heat denaturation, and ammonium sulfate fractionation. 

2. The enzyme is specific for inosine and guanosine. In the presence 
of phosphate, the nucleoside is cleaved to the purine base and R-1-P. 
When phosphate is replaced by arsenate, ribose is the product. 

3. Inosine, phosphate, and arsenate all have K,, values of 1.0 X 107m 
with the erythrocyte phosphorylase. 

4. The enzyme catalyzes both the breakdown and synthesis of inosine. 

5. The phosphorylase is inhibited by p-chloromercuribenzoate, iodo- 
acetate, 2 ,4-dinitrophenol, and pyrophosphate. 
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STUDIES ON OXIDATION-REDUCTION 


XXIV. OXIDATION-REDUCTION POTENTIALS OF FLAVIN ADENINE 
DINUCLEOTIDE* 


By H. J. LOWEt anp W. MANSFIELD CLARKt 


(From the Department of Physiological Chemistry, School of Medicine, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, January 17, 1956) 


There have been several investigations of the oxidation-reduction poten- 
tials of riboflavin and alloxazine derivatives. Kuhn and Boulanger (1) 
reported the Ey potentials of numerous derivatives, including flavin mono- 
nucleotide (FMN). Michaelis, Schubert, and Smythe (2) and Michaelis 
and Schwarzenbach (3) thoroughly described the intermediate forms of 
oxidation-reduction of several flavins. The only reference to oxidation- 
reduction potentials of flavin adenine dinucleotide (FAD) is that of Ball 
(4), who reported Ey = —0.250 volt at pH 7.8 and 30°! This dinucleo- 
tide is the most abundant flavin found in animal tissues (5). We report 
here a more complete potentiometric study of FAD between pH 2.4 and 
12.4 and of FMN throughout the pH range 0.85 to 12.4. The results for 
FMN differ somewhat from those previously reported by Kuhn and Bou- 
langer (1). 


EXPERIMENTAL 


The FAD used in the experiments reported here was prepared from 
Fleischmann’s yeast and was isolated as the barium salt according to the 
procedure of Warburg and Christian (6). The dry weights of these sam- 
ples were determined after drying small portions in vacuo over concentrated 
sulfuric acid at 40° for 12 hours. Different preparations varied consider- 


* Presented in part at the 121st meeting of the American Chemical Society at 
Buffalo, March, 1952. 

+ Fellow of the American Cancer Society, 1949-52. Present address, Department 
of Biochemistry and Nutrition, The University of Texas, Medical Branch, Galveston, 
Texas. 

t Present address, Department of Chemistry, The Johns Hopkins University, 
Baltimore, Maryland. 

! Ey is the mid-point potential at a specified value of pH. Strictly, and as ordi- 
narily defined, Ey should be the mid-point potential when pH = 0. However, our 
data have not extended to low pH values except in the case of FMN, and in that case 
the number of points are too few to make a reliable estimate of pKoy’ (see foot-note 
4). Accordingly Eo, calculated by extrapolation of data at relatively high pH 
values, must be considered a reference point and not a true value of Eo as this 
quantity is defined. 
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ably in the amounts of inorganic salts which they contained. The samples 
were analyzed for FAD, FMN, and riboflavin by the method of Burch 
et al. (7). 90 to 100 per cent of the total fluorescence was attributed to 
FAD. Paper chromatograms of the salt-free samples, prepared as de. 
scribed by Cramer (8), were examined for fluorescence under ultraviolet 
light. ‘The preparations were free of riboflavin and contained only traces 
of FMN. The ratio of the optical density at 260 my to that at 450 mu was 
between 3.70 and 3.80 (theoretical, 3.80). Flavin mononucleotide was 
kindly supplied by the Sigma Chemical Company. It should be empha- 
sized that these compounds were free of apoenzyme. 

The pH values were maintained constant by means of a series of 0.05 4 
buffers described by Clark (9). The pH values reported were deter- 
mined with the hydrogen electrode. The calomel half cell potential was 
established with 0.05 m potassium hydrogen phthalate assumed to have 
the pH number 4.016 at 30° (10). To check the constancy of pH, solu- 
tions were tested with the glass electrode prior to and after titrations. 

The titrations were performed at 30° in a kerosene bath. The apparatus 
was similar to that described by Clark (9) and Clark and Cohen (11), but 
constructed on a smaller scale to permit titrations of as little as 3 ml. of 
solution. The performance of the apparatus was checked by titrations of 
several oxidation-reduction systems of known potentials. Our results 
with riboflavin (Merck) agreed within 2 mv. of those reported by Michaelis 
et al. (2). 

The samples were weighed on a micro balance and dissolved in appro- 
priate buffer immediately before titration. The procedures were carried 
out in dim light, usually at night, to avoid decomposition of the light- 
sensitive material. Deaeration and mixing of the solutions were accom- 
plished by bubbling with a stream of nitrogen passed over metallic copper 
at 500°. In titrations of FAD, slight drifts of potential were always in a 
positive direction. Below pH 9, the “drifts” at 50 per cent reduction were 
never greater than 1 mv. in 30 minutes. Equilibrium potentials were 
established on duplicate electrodes within a few minutes after addition of 
the reductant, and titrations could therefore be completed within 1 hour, 
At the higher concentrations employed in titrations of FMN, drifts in 
potential were negligible. 

Reductive titrations were performed with dithionite and chromous ace- 
tate solutions. For titrations below pH 6, dithionite was tipped from a 
vial into 50 ml. of deaerated water containing 1 drop of 0.1 m NaOH. 
Above pH 6 the dithionite was added to deaerated buffer. Oxidative titra- 
tions were performed by addition of well aerated buffer to FAD solutions 
previously reduced with dithionite. Platinized asbestos and hydrogen 
never completely reduced FAD or FMN. Their use resulted in decompo- 
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sition, as evidenced by diminished optical density and fluorescence of the 
reoxygenated solution. 


TaBLe I 
Reductive Titration of Flavin Adenine Dinucleotide 


pH 4.88 (phthalate buffer); temperature, 30°; titrating agent, dithionite; flavin 
adenine dinucleotide concentration, 1.8 X 10-5 m. 



































| ' 
Roget lrducng agent) GE ='005) | Retwctntt | oigtes) | (atetes) | terse 
ml. per mole FAD per cent per cent volt volt volt 
0.03 0.069 3.60 1.65 —0.0534 —0.1071 —0.0001 
0.05 0.115 5.10 3.25 0.0637 0.1072 —0.0002 
0.07 0.161 6.25 4.93 0.0695 0.1069 +0.0001 
0.09 0.207 7.25 6.32 0.0742 0.1074 —0.0003 
0.14 0.322 9.05 11.59 0.0823 0.1074 —0.0003 
0.19 0.437 10.40 16.64 0.0866 0.1059 +0.0011 
0.24 0.552 11.40 21.89 0.0928 0.1073 —0.0003 
0.29 0.667 11.50 27.58 0.0969 0.1072 —0.0002 
0.34 0.782 12.60 32.78 0.1005 0.1071 —0.0001 
0.39 0.897 12.90 38.38 0.1040 0.1071 —0.0001 
0.44 1.011 13.00 44.93 0.1074 0.1071 —0.0001 
0.49 1.126 12.90 49.87 0.1108 0.1070 0.0000 
0.54 1.241 12.60 55.77 0.1144 0.1073 —0.0003 
0.59 1.356 12.04 61.80 0.1180 0.1078 —0.0008 
0.64 1.471 10.90 68.11 0.1219 0.1066 +0.0004 
0.69 1.586 10.20 74.21 0.1267 0.1064 +0.0006 
0.74 1.701 8.70 80.70 0.1325 0.1060 | +0.0010 
0.79 1.816 6.75 87.43 0.1412 0.1059 | +0.0011 
0.84 1.931 3.75 94.68 0.1621 0.1090 | —0.0020 
0.87 2.000 0 100.00 
MID. id. 6:4 'sts Sco SAS skh dbus Sold nega cieh eee eee eee | +0.1070 | 





* Calculated graphically by Elema’s method (15, 16). 
7 Calculated by use of K as described by Michaelis (15, 16). 


Results 


It has been shown that in the oxidation-reduction process riboflavin 
forms a semiquinone (2, 3). In the case of FAD and FMN, the shape of 
the titration curves suggests the same sort of stepwise process. It is un- 
likely that the elongation of the curve is due to a mixture of two systems 
having slightly different Ly potentials. In several instances, fluorometric 
analysis of the solutions before and after titration showed that the FAD 
was not hydrolyzed appreciably at low pH or decomposed at high pH 
within the time required for titration. Comparison of oxidative and re- 
ductive titrations on the same sample of FAD showed that the effect of 
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the positive potential drifts, while insignificant in the range 5 to 95 per 
cent reduction, is to extend the end-points in the region of unpoised poten. 
tials in reductive titrations, while contracting the end-points in oxidative 
titrations. The extent of these effects is not easily evaluated or controlled, 
Consequently, in reductive titrations, it is difficult to ascertain how much 
of the elongation of the titration curve is due to residual oxygen and how 
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28—92 04 06 OB 10 1214 1618 20 
Equivalents of Reducing Agent 
Fig. 1. Titration curve of FAD. Ordinate, EZ, (hydrogen standard). Abscissa, 
equivalents of dithionite per mole of FAD; pH 7.14 (phosphate 0.05 m); FAD 10-* x, 
30°; unbroken curve, calculated for an ‘effective semiquinone formation constant,” 
K = 0.05; broken curve, for a case of 2 equivalents without formation of semiqui- 
none or dimer; Ey = —0.2242. 


much is due to semiquinone formation.? For the purpose of description, 
and more particularly for calculating the mid-point by a first order approxi- 
mation, that amount of reducing (or oxidizing) agent which was necessary 
to change the ratio of oxidant to reductant from 200:1 to 1:200 (Ey = 
Ey + 0.07 volt) was taken arbitrarily to represent 1.98 equivalents of re 
ducing (or oxidizing) agent. Since the curves were symmetrical, the 

? The method of Reed and Berkson (12), as applied to the rectification of titration 


curves by Clark and Perkins (13), is not applicable to cases in which titration curves 
are complicated by the formation of a semiquinone and dimers. 
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graphical mid-point was taken as the mid-point potential (Ex).* By the 
determination of end-points in this manner, the “effective formation con- 











Taste II 
Ey Values of Flavin Adenine Dinucleotide (30°) 
E, = 0.187 (see foot-note 1). Ey; = —0.219 calculated. 
pH Buffer = Compete 4 Em Semiquinone 
aaah M volt per cent 
2.40 HCl CrAc. 7.5 X 10-§| +0.0437 30 
2.84 Phthalate = 1.8 X 10-°| +0.0188 33 
3.99 - oe 1.5 xX 10-§|} —0.0561 20 
4.88 - Dithionite | 1.8 x 10-5} —0.1067 13 
6.20 Phosphate " 6.7 X 10-*| —0.1798 8 
6.20 = Ks 1.0 X 10-*| —0.1838 10 
6.28 - CrAce 2.6 X 10-§| —0.1848 6 
6.55 e Dithionite | 1.0 X 10-§| —0.2000 13 
6.87 - ™ 1.0 X 10-§| —0.2102 13 
6.90 we " 3.9 X 1077 | —0.2168 10 
7.10 ’ 7 1.0 X 10-§! —0.2236 15 
7.14 wy - 1.0 X 10-5} —0.2240 10 
7.45 NazP:07 “ 3.9 X 10-7 | —0.2347 9 
7.50 Borate ~ 8.7 X 10-*| —0.2348 10 
7.55 ee - 1.0 X 10-5} —0.2375 6 
7.55 r Oz 1.0 X 10-5 | —0.2367 10 
8.50 " Dithionite | 6.5 X 10-*| —0.2768 10 
8.50 - 6.5 X 10-*| —0.2760 11 
8.65 " " 7.5 X 10-5 | —0.2828 15 
8.65 " O: 7.5 X 10-5 | —0.2810 10 
8.90 v7 CrAce 2.4 xX 10-§| —0.2850 12 
10.30 Phosphate | Dithionite | 1.6 X 10-5| —0.3308 36 
10.90 ae = 1.6 X 10-°| —0.3648 20 
11.76 se " 1.7 X 10-* | —0.4030 6 
12.37 = “si 1.7 X 10-*| —0.4290 0 




















stant,” K, for semiquinone, was graphically evaluated by Elema’s method 
(3, 15). With this constant, satisfactory calculations of Hy values for 


3In previous studies of similar systems (2, 3), drifts of potential were not con- 
sidered significant when pH was lower than 7. Our attempt to obviate this difficulty 
in part by our method of determining an equivalence point will yield somewhat lower 
estimates of semiquinone formation than the method used by Michaelis. He used 
asymptotes for reference. Experience in this laboratory strongly suggests that the 
more usual drifts of potential are due to residual oxygen in the nitrogen and adsorbed 
on the walls of vessels, and that this source of error becomes especially bothersome 
in titrations at high dilution and with reductants that are very sensitive to oxygen. 
Harbury (14) has given this matter special attention and has found some advantage 
in the use of pure helium for deaeration. 
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FAD were obtained by use of all the titrimetric data (Table I). The ex. 
perimental points of a typical reductive titration of FAD with dithionite 
at pH 7.14 are shown in Fig. 1. The points correspond closely to the 


Taste III 
Ey Values of Flavin Mononucleotide (30°) 
Ey = 0.187 (see foot-note 1, text). 





————., 





























pH Buffer Titrating agent Consenteation, Em a 
dimer* 
M volt per cent 
0.85 HCl Dithionite | 1X 10-* | +0.1395 44.5 
2.22 Phthalate | ee 1x 10-4 | +0.0528 21.8 
4.01 " | » | 1X10 | —0.0542 10 
4.05 ee | ae | 1x 10-3 | —0.0545 17.4 
4.32 o ee 1X 10-* | —0.0725 11.1 
4.70 “ | “ 1x 10-* | —0.0961 9.5 
5.22 «“ «“ 1X 10-* | —0.1261 10.6 
5.62 ee ee 1x 10-* | —0.1525 13.7 
5.82 Phosphate “ 1X 10-* | —0.1603 12.9 
6.22 ss “ 1X10? | —0.2003 43 
6.50 es a 1X10 | -0.1933 | 11.5 
7.00 as oe 1X10 | -0.2110 | 12.9 
7.06 as a 2xX10-* | —0.2172 | 15.4 
7.09 « «“ 4X 10-* | —0.2183 18.8 
7.09 “ ee 1X10? | —0.2185 24.0 
7.14 * | - | 1X 10-* | —0.2212 17.1 
7.16 “ “ | 1x 10-* | —0.2202 | 18.8 
7.74 Borate es 1x 10-* | —0.2454 | 11.2 
8.11 “ ee 1 Xx 10-4 | —0.2560 | 17.6 
8.16 ee es 1X 10* | —0.2578 | 19.9 
8.16 a a | 4X 10-3 | —0.2585 18.0 
8.16 « a | 1X 10° | —0.2567 | 18.6 
8.62 ¥ . | 1x10 | 0.2739 | = 17.1 
8.90 2 “ | 1X10 | —0.2844 | 12.7 
9.60 } « “ | 1X 10-* | —0.3086 | 9.1 
10.49 Bow ee | 1x10 | —0.3441 11.2 
10.93 Beh, a | 1X 10-* | —0.3671 | 6.8 








* See the text. 


theoretical values (line with open circle) calculated for a stepwise oxida- 
tion-reduction process having an “effective formation constant,” K, equal 
to 0.05. The theoretical curve for a 2 electron system without semiqui- 
none formation (broken line) is shown for comparison. In the titrations 
of FMN, end-points calculated in this manner coincided closely with the 
experimentally observed end-points (+2 per cent). 
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The oxidation-reduction potentials for the FAD system throughout the 
pH range 2.4 to 12.4 and for the FMN system throughout the pH range 
0.8 to 10.9 are given in Tables II and III, respectively. The Ey values 
were obtained by determination of the point of symmetry of the respective 
titration curves. The amount of semiquinone present at the mid-point 
potential was calculated by methods previously cited (3). The Ew po- 
tentials of FAD and FMN throughout the pH range investigated are shown 
graphically by the Ey, pH, curve in Fig. 2. 
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Fia. 2. Relation of Ey to pH at 50 per cent reduction, 30°. ©, FAD system; x, 
FMN system; unbroken curve is for the FAD system. See the text for this equation, 
which applies only to a description of the data within the range of pH shown. 





DISCUSSION 


Dimerization of 1 molecule of oxidant with 1 molecule of reductant 
results in a steepening of the titration curve similar to that produced by 
semiquinone formation. In the case of the flavins, the two effects may 
be superposed (3). Resolution is achieved by a series of titrations at 
constant pH and successively increasing concentrations of flavin. The 
limiting titration curve for infinite dilution theoretically represents a sys- 
tem in which only oxidant, reductant, and semiquinone are formed. Fur- 
ther increase of the slope of the curves at higher concentrations is attributed 
to the formation of a dimeric compound. The per cents of semiquinone 
formed at 50 per cent reduction (Tables II and III) were calculated from 
the displacement of the experimental titration curve from the curve for a 
2 electron oxidation-reduction process without semiquinone formation. 
Consequently they represent semiquinone and dimer formation, except in 
those instances, at constant pH, when dimerization was ruled out by data 
at several concentrations of flavin. On this basis there is no evidence for 
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the formation of a dimer of FAD at the concentrations employed. The 
per cents of semiquinone recorded in Table II, therefore, represent the 
amount of free radical formed under the specified conditions. 

The calculations for per cent of semiquinone formed at 50 per cent reduce. 
tion of FAD are subject to criticism because of the arbitrary method used 
in determining the equivalence points of titrations. Use of these values, 
however, brings the experimental points between 2 and 98 per cent reduc. 
tion into close agreement with the theoretical values for an oxidation-re- 
duction process with semiquinone formation (Fig. 1). 

The determinations with FMN at pH 7.10 (+0.10) indicate the forma- 
tion of a significant amount of dimer of FMN and reductant in 107 
solutions (Table III). At pH 8.16 the tendency for dimerization at this 
same concentration (10-* m) is absent. 

At pH 6.22 and a concentration of 1 X 10-?m FMN, a precipitate formed 
during the titration and cleared upon complete reduction. The titration 
curve was symmetrical, indicating that the precipitate was an aggregate 
(dimer) of equal parts of oxidant and reductant. The 43 per cent semi- 
quinone calculated (see Table III) was based on the value of FE; on the 
assumption that at 25 and 75 per cent reductions the solution was homo- 
geneous. 

At pH <8 our determinations of the per cent semiquinone formed at 
50 per cent reduction in dilute solutions are in substantial agreement with 
those determined for riboflavin (3). Above pH 8, however, the marked 
increase in per cent semiquinone formation reported for riboflavin was 
not observed for FAD and FMN. In our experience the titrations of FMN 
yield the most reliable data, since stable potentials can be obtained at 
concentrations where solubility is not a problem. 

The experimental points of the Ey, pH, curve (Fig. 2) agree fairly well 
with the following theoretical equation in which Ey is the value of FE, at 


each mid-point. 

K,’ + (H*) 
= E, — 0.0601 pH 0.03005 log ——_——_—_.~ 

oe ie altel °8 Ko’ + (H*) 


This is derived on the assumption that the theoretical process is: 
Oxidant* + 2e = reductant 


Values of Ko’ and K,’ were determined by the intercepts obtained by ex- 
trapolation of the best straight lines drawn through the experimental 
points; Ko2’ = 4 X 10", K,’ = 2 X 10-77. Eo = 0.187 volt was ob- 
tained by extrapolating the experimental points to pH zero.‘ 


4 pKo»’ is used because of evidence in studies of other isoalloxazines of an ionization 
at very low pH. In the case of FMN the point at pH 0.85 (see Table III) deviates 
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SUMMARY 


Potentiometric titration curves for flavin adenine dinucleotide (FAD) 
in the pH range 2.4 to 12.4 and for flavin mononucleotide (FMN) in the 
pH range 0.89 to 10.9 indicate that the oxidation-reduction process is 
reversible and involves the formation of a semiquinone as an intermediate 
in the 2 equivalent change. When appropriate corrections are made for 
positive drifts of potential encountered near the end-points in rapid titra- 
tions at low concentrations of FAD, the experimental points agree closely 
with the theoretical values calculated for a 2 equivalent change with semi- 
quinone formation. The greater stability of potentials during titrations 
of more concentrated solutions of FMN increases the significance of the 
calculations for the amount of semiquinone formed at 50 per cent reduction. 

At constant pH, the slopes of the titration curves for FMN increase 
with increasing concentrations of FMN and indicate the formation of a 
dimer. 

For descriptive purposes the potentials at 50 per cent reduction (2) 
as a function of hydrogen ion activity (H+) may be formulated by the 
equation: 


K,’ + (H*) 

Ey = Ey — 0.0601 pH + 0.03005 log Kor + (H 
where Ey = 0.187 volt, K,’ = 2 X 10°, Ko’ = 4 X 10™. 

The precision of the data is not such that distinctions can be made be- 

tween values for FAD and values for FMN; no great difference would be 


expected. Ey at pH 7.0 = —0.219 calculated. 
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for a reliable estimation of pKoi’ or for complete assurance that there is an inflection. 
For this reason Fig. 2 is restricted in the range of pH, and the equation given is to be 
regarded as descriptive only of the experimental data within the range of pH shown 
in Fig. 2. See also footnote 1. 
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TRANSESTERIFICATION REACTIONS CATALYZED 
BY CHYMOTRYPSIN* 


By C. E. McDONALD anp A. K. BALLS 


(From the Department of Biochemistry, Purdue University, 
Lafayette, Indiana) 


(Received for publication, January 30, 1956) 


As recently reported, the behavior of acetyl chymotrypsin with ethanol 
consists in a rapid transfer of the single acetyl group to that alcohol with 
the formation of ethyl acetate (1). Thus, the splitting of nitropheny] ace- 
tates by chymotrypsin, faster in ethanolic than in aqueous solutions, may 
be explained by the formation of acetyl chymotrypsin as an intermediate 
and its subsequent preferential breakdown with ethanol rather than with 
water. The net result is of course an enzymatic transfer of acetyl from 
nitrophenyl acetate to ethanol, and the comparatively rapid breakdown of 
the acetate may be thought of as contingent upon the presence of the alco- 
hol as a ‘‘cosubstrate”’ (2, 3). 

It was of interest to see whether other substances acted in a manner anal- 
ogous to ethanol, and a qualitative trial of substances in the laboratory, 
without any attempt at a thorough survey, showed that most of them did 
not markedly accelerate the decomposition of p-nitrophenyl acetate by 
chymotrypsin. It was observed that several substances besides cysteine 
and glutathione (4) decomposed p-nitrophenyl acetate at pH 6.2 without 
chymotrypsin, among them ethanolamine, histidine, and glycine, the last 
in fairly high concentration only. The substances which did accelerate 
the chymotryptic breakdown of p-nitrophenyl acetate without being active 
by themselves in this respect happened to be alcohols (in the cases tried), 
and included glycerol and monoacetin. It therefore seemed worth while 
to study the behavior of a series of the aliphatic monohydric alcohols as 
far as their solubility would permit. For practical reasons the series was 
limited to methanol, ethanol, the two propanols, the four butanols, n-pen- 
tanol, and n-hexanol. 

It was found that the straight chain alcohols accelerated the breakdown 
of p-nitrophenyl acetate much more rapidly than their branched chain 
isomers. Moreover, the reaction rates observed with the straight chain 
compounds increased considerably with the length of the carbon chain 
(methanol being an exception, as it reacted faster thanethanol). Thus the 
reaction with n-hexanol was found to be at least fifteen times faster than 


* Journal Paper No. 946 of the Purdue Agricultural Experiment Station, Lafayette, 
Indiana. 


993 





994 TRANSESTERIFICATION BY CHYMOTRYPSIN 


with ethanol, and was easily followed at low molar concentrations at which ph 
the effect of ethanol could not be measured at all by our methods. pip 


Materials and Methods tim 


Materials—a-Chymotrypsin was prepared from a-chymotrypsinogen | wa 
which had been crystallized five times. The active enzyme was crystal- | jur 
lized twice, thereafter subsequently dialyzed against 0.001 m acetic acid, | we 
and finally lyophilized. 

p-Nitrophenyl acetate was synthesized with acetyl chloride in the con- | eas 
ventional manner, crystallized from aqueous ethanol, and recrystallized 
from petroleum ether. Commercial L-tyrosine ethyl ester was recrystal- 
lized before use. 1-Tyrosine n-butyl ester (no longer available commer- 
cially), L-tyrosine isobutyl ester, and L-tyrosine sec-butyl ester were made 
from L-tyrosine and the respective alcohols containing 2 per cent dry HCl, 
the first two being made at room temperature. 

L-Tyrosine n-butyl ester was obtained as the crystalline hydrochloride 
by precipitation with ethyl ether. It was then recrystallized from n-butyl 
alcohol by the addition of ether, and identified by elementary analysis, since 
no melting point could be found in the literature. Found, C 56.99, H 7.41, 
N 5.20; calculated, for CisH2O;NCl, C 57.2, H 7.33, N 5.13. The hy- 
drochloride melted at 166.0—-167.5°, the free ester at 138-139°.! 

L-Tyrosine isobutyl ester was also precipitated as the crystalline hydro- 
chloride by the addition of ethyl ether to the reaction mixture. The hy- 
drochloride was dissolved in water, and the free ester was isolated after 
making the solution alkaline with sodium carbonate. The free ester melted 
at 147-148.5° in agreement with the corrected value (5). 

L-Tyrosine sec-butyl ester was recovered by evaporating the reaction mix- ] jj, 
ture almost to dryness under reduced pressure and dissolving the residue in |}, 
water. The aqueous solution was decolorized with charcoal, then neu- 
tralized with sodium carbonate. The crystalline precipitate of the free 
ester was removed and recrystallized from sec-butyl alcohol by the addition |g, 
of petroleum ether. On analysis the following were found C 65.81, H 8.13, | 4), 
N 6.01; calculated, for Ci;H10;N, C 65.8, H 8.03, N 5.91. The ester 


cor 
Cal 


at 
melted at 118-121°. on 
The various alcohols and acetate esters used were the purest available }] ,,, 


commercially and were fractionated before use with a 25 cm. Vigreux col- 
umn at atmospheric pressure. 3] 

Methods—The requisite amount of the alcohol in question was dissolved | of 
in 0.07 m phosphate, pH 6.20. To 9.6 ml. of this solution in a colorimeter 
tube (24 mm. diameter) there was first added 0.200 ml. of 0.125 m p-nitro- 


ste 
1 An old commercial catalogue gives 132-136° for the melting point of the free ester. us 
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phenyl acetate dissolved in acetone, the solution being stirred well by the 
pipette during the addition. Immediately thereafter, and counted as zero 
time, 5.0 mg. of chymotrypsin, dissolved in 0.200 ml. of buffer, were added. 
The progress of the reaction, which consists in the liberation of nitrophenol, 
was observed by the increase in optical density at 402 my with a Coleman 
junior colorimeter.? Blanks consisting of everything except the enzyme 
were run simultaneously. The experiments were made in a constant tem- 
perature room at 25°. The progress of the reaction is illustrated for the 
case of n-butyl alcohol in Fig. 1. The other alcohols gave similar straight 
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TIME- MINUTES 
Fic. 1. Hydrolysis of p-nitrophenyl acetate in phosphate buffer (0.07 m, pH 6.20) 
containing n-butanol (0.68 m). O, 0.50 mg. of chymotrypsin per ml.; @, no enzyme. 


Calculated as microgram of nitrophenol per 10 ml. 


lines which differed only in slope. The reaction was usually observed for 
about 20 minutes. 

The formation as well as the disappearance of certain esters was also 
measured on occasion by the formation of hydroxamic acids in the manner 
described in a previous publication (1). Advantage was taken of the fact 
that all the esters reacted with hydroxylamine at pH 11.7, whereas reaction 
at pH 6.5 was practically confined in these tests to p-nitrophenyl acetate 
and acetyl chymotrypsin, the latter being present in relatively small 
amount. 

The splitting of tyrosine ethyl ester by chymotrypsin was measured at 
31° by titration with a micro burette at “constant” pH (pH 6.2) (6), 3 ml. 
of 0.100 m tyrosine ethyl ester being used. 


2? Since light absorption by p-nitrophenol is sensitive to small changes in pH, a new 
standard curve was determined for each new batch of buffer, and this solution was 
used within a few days. 
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Results I 
It was found impracticable to test all the alcohols at the same molar con- ps 
centration because relatively high concentrations of the lower alcohols were - 
required to obtain a decisive effect, while the higher alcohols were not solu- 
ble to that extent, or else they precipitated the enzyme. The experiments 
were therefore run in two series, higher alcohols at 0.048 m and lower alco- — 
hols at 0.68 m. The series overlapped in two instances, n-propanol and 
n-butanol, and a rough estimate of the relative rates of liberation of nitro- 
phenol has been made, perhaps with dubious justification, by expressing all 
the rates in each series, respectively, in terms of the rate with n-butanol, 
and then connecting the two series by using n-butanol as a common denom- 
inator. The results are given in Table I. No 

If an exception is made of the behavior of methanol, the first member of Me 
the series, it is evident that increased length and decreased branching of the | Ett 
carbon chain favored higher rates for the release of nitrophenol. It appears | "=! 
from a comparison of n-butanol and isobutanol (also a primary alcohol) 
that any branching of the chain produced a marked decrease in the speed of 
the reaction. On the other hand, it may be noticed that the two second- — 
ary alcohols’ and the one tertiary alcohol tested in these experiments | No 
scarcely reacted at all in comparison. Therefore, the distance of the | "+! 
branch from the hydroxyl group must be of considerable importance. 

Ester Formation—lIt is reasonable to assume that the other alcohols tested 1-E 
here react in the same way as ethanol has been shown to do, namely with | — 
the formation of an acetate. The reaction was, however, tested with one 
other alcohol, n-propanol, by using the hydroxylamine test. It was found = 
that, as the nitropheny] acetate decreased, another ester was formed which 
reacted much more readily in alkaline hydroxylamine solutions than at pH ed 
6.5. In Table II it is seen that, whereas the amount of p-nitrophenyl ace- J gece. 
tate decreased markedly, the total amount of esters in the system decreased ] tert 
much less so. Toward the end of the experiment a substantial quantity of - 
ester was present, though nitrophenyl acetate had virtually disappeared. 
The decrease in total ester concentration during the experiment is most 
likely due to spontaneous hydrolysis of the n-propyl acetate formed. On ml, 
testing the latter ester at 0.0025 m concentration in 0.07 m phosphate buffer | 
at pH 6.2, it was found to decompose spontaneously at the rate of 0.43 umole 
per hour per ml. The presence of chymotrypsin (0.50 mg. per ml.) did not aci 
change this rate. The results in Table II indicate a transfer reaction of th: 
considerable magnitude, and can account for the increased liberation of ex 


p-nitrophenol as determined by the color test in the presence of n-propanol. on 

ce 

3 It may be noted that secondary butyl alcohol (methylethyl carbinol) possesses i 
an asymmetric carbon atom. This might well have an influence on its behavior, and 

the question is receiving attention. try 
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Behavior of Tyrosine Ethyl Ester—If the behavior of acetyl chymotrypsin 
is indicative of the mechanism whereby the hydrolysis of the “natural” sub- 
strates of that enzyme occurs, it seems reasonable to suppose that an amino 





























TABLE I 
Hydrolysis of p-Nitrophenyl Acetate in Presence of Various Alcohols* 
Activity, y p-nitrophenol liberated per min. per 10 ml. 
Alcohol : 
Molarity anil te -- ee 
Ethanol = 1.0 
None 0 1.8 
Methanol 0.68 7.6 5.8 2.0 
Ethanol 0.68 4.7 2.9 1.0 
n-Propanol 0.68 7.6 5.8 2.0 
n-Butanol 0.68 20.4 18.6 6.5 
n-Butanol = 6.5 
None 0 1.8 
n-Propanol 0.048 2.1 0.3 2 
n-Butanol 0.048 3.0 1.2 6.5 
n-Pentanol 0.048 4.0 2.2 12 
1-Hexanol <0.048t 4.6 2.8 15 
Ethanol = 1.0 

None 0 1.6 
Isopropanol 0.68 3.2 1.6 0.55 
Isobutanol 0.68 9.7 8.1 2.8 
sec-Butanol 0.68 3.8 2.2 0.76 
tert-Butanol 0.68 2.5 0.9 0.3 














* The system consisted initially of 0.20 ml. of 0.125 m p-nitrophenyl acetate, 0.5 
mg. of chymotrypsin (in 0.2 ml. of buffer), the alcohol in amount to give the con- 
centration shown, and 0.07 m phosphate buffer, pH 6.20, to make a final volume of 10 
ml. 

t This quantity did not dissolve completely. 


acid residue replaces acetyl in the enzyme protein in the latter case, and 
that the aminoacylated protein is so quickly decomposed by water that its 
existence may not be detected. However, in view of the present findings, 
one of the higher alcohols used in this study might prove to be a good ac- 
ceptor of the amino acid counterpart of acetyl, and thus lead to the forma- 
tion of an amino acid ester of the alcohol used. The inhibition of chymo- 
tryptic esterolysis by alcohols is well known and has led to the opinion that 


















































Taste II 
Disappearance of Reactive Acetyl and Formation of Less Reactive Ester* 
Micromoles of ester left per ml. of solution.t a tr: 
1.3 M m-propanol | 1.3 M m-propanol this 
No enzyme Enzme present : 
Time PRL paint te « ISS a a ahaa oe ___| Difference sine 
pH 11.6 pH 6.7 pH 11.6 pH 6.7 in tl 
: ——— aM ‘Gees 7 
min. 7 
1.0 2.53 2.58 ~0.05 — 
9.0 2.55 2.50 0.05 cohc 
90 2.30 1.93 0.37 
92 2.52 2.49 0.04 
180 2.17 1.12 1.05 
182 2.58 2.53 0.05 
270 1.64 0.51 1.13 
272 2.58 2.48 0.10 
395 1.25 0.015 1.24 
397 2.40 2.44 0.04 
* Room temperature, about 26°. 
T The system, as described in the text, contained per ml., at the start, 2.50 umoles 
of p-nitrophenyl acetate, 1.3 mmoles of n-propyl alcohol, and 0.50 mg. of chymotryp- 
sin. 
t The decrease is probably due to the spontaneous hydrolysis of n-propyl acetate. 
F 
TaBieE III rosis 
Apparent Inhibition of Hydrolysis of u-Tyrosine Ethyl Ester utes 
by Various Alcohols at 31°* n-bu 
Alcohol pastes 1 per min. Rene Oe ne 
pmo 
Ne ii eds tale AE Ms dy bse ha die wile 0.00044 0 lutic 
ER I Eee eee 0.00023 1.2 
fro cei teale Devas cided act betes dlaseara 0.00027 1 sam 
I 6 oi5 ds Rate chvhecaehs oteoes 0.00019 1.5 chy 
0 SEES See ean ge an 2 ee 0.000080 2.1 I 
TT a antie sls caielalid 0.00036 0.5 este 
NE 2h deiS X wk Pai schicissia.p's'x CORRES 8 0.00018 1.5 of t 
os ae Ku aS 8c a: ch cs Sah SiGe sip 0.00024 1.2 fers 
Scat dots keke n yok untae aoa d | 0.00040 0.2 este 
* The composition of the reaction mixture (3.0 ml. in volume) was L-tyrosine ethyl stra 
ester 0.100 m, the alcohol 0.68 m, and a-chymotrypsin 0.021 mg. (introduced in 0.025 ‘ 
ml. of water). Titration was made at pH 6.2 + 0.1 with 0.355 n NaOH for 10 to 30 spot 
minutes, depending upon the speed of the reaction. The rate was determined by pos: 
the slope of the zero order curve obtained. as t 
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a transesterification might be at least in part responsible for it (7). That 
this is indeed the case has been definitely shown by the formation of tyro- 
sine butyl ester when tyrosine ethyl ester was hydrolyzed by chymotrypsin 
in the presence of n-butyl alcohol. 

The inhibition by several alcohols of the chymotryptic esterolysis of ty- 
rosine ethyl ester is presented in Table III. It may be noted that these al- 
cohols arrange themselves as inhibitiors of tyrosine ester hydrolysis in the 
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Fic. 2. Single ascent chromatogram of products from a system containing L-ty- 
rosine ethyl ester 0.05 m, n-butanol 0.8 m, chymotrypsin 0.06 mg. per ml., after 60 min- 
utes incubation at 25°, pH 6.2. Made on Whatman No. 4 paper (15 X 11.25 in.) with 
n-butanol-acetic acid-water (8) as the distributing liquid. Development was made 
with diazotized sulfanilamide (9). 7, u-tyrosine; H, u-tyrosine ethyl ester; B, L- 
tyrosine n-butyl ester (all authentic samples); U, the incubated material (about 0.5 
umole of each of the known substances was employed in each case; for U, 10 wl. of so- 
lution were used). 


same order (including methanol) as that of their reactivity with acetyl 
chymotrypsin (Table I). 

It was found that the decrease in the measurable esterolysis of tyrosine 
ester in the presence of n-butanol was not entirely owing to the inhibition 
of the enzyme by the alcohol, but at least in part to its action as a trans- 
ferase instead of a hydrolase. Considerable quantities of tyrosine butyl 
ester accumulated in the system; its presence could be easily demon- 
strated by chromatograms, an example of which is given in Fig. 2.4 It is also 


‘Chymotrypsin, acting on tyrosine ethyl ester without butanol, gave only two 
spots, corresponding to free tyrosine and undecomposed ester. This eliminates the 
possibility that a peptide was formed whose rate of migration on paper was the same 
as that of tyrosine butyl ester. When chymotrypsin was added to a suspension of 
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evident that this particular transesterification did not occur because of the 
formation of a new ester that was not a good substrate in comparison with 
tyrosine ethyl ester. When the three butyl esters of tyrosine in our pos- 
session were tested separately, it was found (Table IV) that they were all 
hydrolyzed more rapidly than the éthyl ester. Moreover, when listed in 
the order of their relative rates of hydrolysis, this order is found to be the 
same as that observed for the respective accelerating effects of their corre- 
sponding alcohols on the decomposition of nitrophenyl acetate (Table I), 
and also for the respective inhibitory effects of these alcohols on the hydrol- 
ysis of tyrosine ethyl ester (Table III). 


TaBLe IV 
Hydrolysis of Ester of u-Tyrosine at 30° 





Ester Initial velocity, m.eq. 


per min. per ml. Relative rates 





EE ee ce ee, RO 0.00063 2.3 
ES diakt sce Sek eat ea ieee res awa den 0.00037 1.4 
HEA are tere rene ee ee re 0.00033 1.2 
RR eas SU CUX Geel Deen. s.nadesees 0.00027 1 











The composition of the reaction mixture (3.0 ml. in volume) was ester 0.014 m, 
and a-chymotrypsin 0.021 mg. (introduced in 0.025 ml. of water). Titration was 
made at pH 6.2 + 0.1 with 0.355 n NaOH for 7 to 12 minutes, depending upon the 
speed. The initial rate was determined by extrapolation to zero time on a plot of 
rates against time. 


The accumulation of the new ester may, however, be easily explained by 
the fact that its concentration in these systems is much less than that of the 
tyrosine ethyl ester from which it was formed. 

On the other hand, the formation of new esters that are not easily hy- 
drolyzed, if hydrolyzed at all, is shown by the formation of the acetic esters 
of the higher primary alcohols tested here. There is no evidence that any 
of these acetic esters are substrates for the enzyme. No measurable chymo- 
tryptic hydrolysis occurred with n-propyl acetate or methyl acetate (tested 
by the hydroxamic acid method), or with n-butyl acetate or isopropyl ace- 
tate (as tested by the titration method). It is curious that chymotrypsin 
may form an ester, e.g. methyl acetate, which it is not thereafter able to 





tyrosine ethyl ester in 1.3 m n-butanol in water, a drop in the pH of the system oc- 
curred. Tyrosine butyl ester was isolated by extraction with either chloroform or 
n-butyl alcohol, and purified by recrystallization from aqueous methanol (m.p. 138- 
140°; mixed with authentic tyrosine butyl ester, m.p. 138-140°). The yield was Il 
per cent. In the absence of enzyme, no drop in the pH was observed, and no tyro- 
sine butyl ester was recovered. 
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split at a measurable velocity. It was found, however, that methyl ace- 
tate inhibited the chymotryptic hydrolysis of tyrosine ethyl ester, al- 
though in high concentration, and that this inhibition appeared to be com- 
petitive on the evidence of Lineweaver-Burk plots, which are presented in 
Fig. 3. 
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Fig. 3. Lineweaver-Burk plot, indicating that the hydrolysis of L-tyrosine ethyl 
ester is competitively inhibited by methyl acetate in high concentrations. Tyrosine 
ethyl ester; chymotrypsin, 0.0083 mg. perml. @, no methyl acetate; O, methyl ace- 
tate,0.8m. S, initial molar substrate concentration, and V, initial rate expressed as 
millimoles of ester hydrolyzed per ml. per minute. 


DISCUSSION 


It would be difficult to explain the foregoing results on the basis of any 
simple collision theory. The length and shape of the alcoholic carbon chain 
and the position of the hydroxyl] group in the alcohol molecule are definitely 
determining factors. One may therefore conclude that the alcohol as well 
as the acid group is attached to the enzyme molecule, and that a great differ- 
ence exists between various alcohols in respect to the facility with which this 
attachment takes place. The enzyme exhibits the sort of “preference” 
that passes for “specificity” with many of the esterases. The attachment 
may be to an alcohol or to an ester, regardless of whether the latter is a sub- 
strate, as shown by the inhibitory effect of methyl acetate. 

The formation of a new ester is obviously going to be more complete when 
it is not a good substrate. Therefore, the formation in considerable quan- 
tities of a new substance that is itself readily hydrolyzed must indicate that 
the affinity between the enzyme and the inhibitory alcohol is of no mean 
order. For this reason it would be incorrect to say that the inhibition of 
chymotrypsin by alcohols is nothing more than the occurrence of a transfer 
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reaction, but the evidence shows, nevertheless, that some of it is. A com- 
prehensive kinetic study would doubtless be required to determine how 
much. This study the present authors have no intention of making. 

Chymotrypsin, as an esterase, attacks substances of the type ROQ (10), 
where, for instance, R may be either nitropheny! or methyl and Q may be 
acetyl or tyrosyl, respectively. That the enzyme forms an acetyl complex 
has been demonstrated by its isolation (11); an assumption is sometimes 
made that an analogous tyrosyl complex is merely less stable in 
water. However, that the enzyme readily forms complexes with various 
aliphatic alcohols seems quite probable in view of the present experiments, 
In so doing it exhibits about as much “specificity” as one may expect from 
this particular catalyst. Which side of the ester linkage really is the side 
of high specificity? 


SUMMARY 


Chymotrypsin has been shown to catalyze a transfer of acetyl from nitro- 
phenyl acetate to aliphatic alcohols of low molecular weight. The enzyme 
exhibits a marked preference for certain types of alcohols. In a series con- 
cluding with n-hexy] alcohol, the rate of transfer increased markedly with 
the length of the straight carbon chain. Methanol was an exception. 
Where the chain was branched, the rate of transfer was much slower. In 
the case of the butyl alcohols, both primary alcohols reacted more rapidly 
than did the secondary, and the secondary more rapidly than the tertiary, 
which was almost inert. 

All the alcohols tested inhibited the liberation of titratable acid (tyro- 
sine) from t-tyrosine ethyl ester by chymotrypsin. n-Butyl alcohol was 
found to be a good inhibitor of this system, but at least part of this inhibi- 
tion was found to be owing to a transesterification reaction leading to the 
formation of L-tyrosine butyl ester. When arranged in the order of their 
increasing inhibitory effect, the alcohols then occurred in the same sequence 
as when arranged in the order of increasing speed of acetyl transfer. 

It may be noted that, whereas L-tyrosine butyl ester is a good substrate 
for chymotrypsin, methyl acetate and n-butyl acetate are not. Thus the 
enzyme appears to take part in the formation of some esters which it cannot 
split with measurable velocity. 
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THE COENZYME CONTENT OF RABBIT MUSCLE 
p-GLYCERALDEHYDE-3-PHOSPHATE 
DEHYDROGENASE* 


By JAY B. FOX, Jr.,t anp WALTER B. DANDLIKER 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, December 7, 1955) 


In previous communications from this laboratory, the authors have re- 
ported the molecular weight of rabbit muscle p-glyceraldehyde-3-phosphate 
dehydrogenase (TDH!') to be 138,000 to 140,000 by light scattering (1) 
and 137,000 by sedimentation velocity and diffusion (2). Taylor (3) had 
previously reported the molecular weight to be 118,000 by sedimentation 
velocity and diffusion. This latter value was apparently confirmed for 
the crystalline enzyme by Velick, Hayes, and Harting (4), who recorded 
the increase in extinction at 340 my which occurred upon reduction of the 
bound DPN. These workers (4), using glyceraldehyde-3-phosphate as a 
substrate, found 1 mole of DPN per 58,000 gm. of protein, while Dandliker 
and Fox (1), using glyceraldehyde as substrate, found 1 mole of coenzyme 
per 58,500 gm. of enzyme. 

However, in interpreting these studies on the coenzyme content of the 
crystalline enzyme, three assumptions were involved: first, the crystalline 
enzyme preparation has an integral number of moles of coenzyme per mole 
of apoenzyme; second, the increase in absorption at 340 my for the reduc- 
tion of DPN is the same for bound coenzyme as it is for the coenzyme free 
in solution; and third, the enzyme is able to reduce all of the bound co- 
enzyme. Since the molecular weight obtained by physical methods in this 
laboratory (138,000) is not a multiple of the minimal molecular weight as 
determined from the enzymatic reduction experiments (58,000), it seemed 
advisable to examine the assumptions made in studying the DPN content 
of the enzyme. 

In considering the first assumption, it should be pointed out that, in 


*The authors wish to acknowledge the financial support of the Initiative 171 
Fund, State of Washington, and the Public Health Service grant No. H-1111(C4) 
from the National Heart Institute of the National Institutesof Health, Public 
Health Service. 
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cago, Illinois. 

1 The following abbreviations are used: DPN for diphosphopyridine nucleotide; 
TEA for triethanolamine; TDH for p-glyceraldehyde-3-phosphate dehydrogenase; 
EDTA for ethylenediaminetetraacetic acid. 
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general, there is no a priori justification for assuming that the molar ratio 
of components in a crystal should be an integral number, although non- 
integral ratios, e.g. those in certain crystals containing water of hydration, 
are somewhat uncommon. The extent to which the DPN is concerned in 
the crystalline structure of the enzyme is not known, but that the coen- 
zyme might be involved in some way is suggested by the report of Taylor 
et al. (5) that the apoenzyme did not crystallize in the absence of the co- 
enzyme. 

The finding of Theorell and Bonnichsen (6) is of interest in connection 
with the second assumption. These workers found that the absorption 
peak due to the reduction of bound DPN on horse liver alcohol dehydro- 
genase was shifted and lowered when compared to the reduction of an 
equal amount of free DPN. That a similar phenomenon might occur when 
the coenzyme is bound to TDH remains a possibility. 

The third assumption appears questionable in view of the finding by 
Cori, Velick, and Cori (7) that the bound DPN on the enzyme was only 
70 per cent reduced in the presence of arsenate and stoichiometric amounts 
of substrate, the arsenate being added to drive the reaction to completion. 
Furthermore, when the presence of bound DPN was first demonstrated 
by Taylor et al. (5), only 60 per cent as much coenzyme could be found 
by enzymatic reduction as could be found by analysis for the various 
chemical constituents, adenine, nicotinamide, phosphate, and ribose. It 
may be noted that the DPN content determined by reducing the bound 
coenzyme would be too low if either the second or the third assumption 
was invalid. These findings all seemed to indicate the advisability of 
determining the DPN content of the complex by some independent means. 

Perhaps the best method for studying the coenzyme content of the com- 
plex is to remove all of the DPN and reconstitute the complex with known 
amounts of apoenzyme and coenzyme. However, for this method to be 
quantitative the extent of removal of the coenzyme must be known exactly, 
and some means must be available for determining when the complex is 
fully reconstituted. 'The method used heretofore to remove the coenzyme 
from the apoenzyme has been a batch process in which the complex is 
stirred with a large excess of charcoal for a few minutes, the charcoal then 
being removed by centrifugation or filtration. This method suffers from 
the inherent disadvantage that the removal of the coenzyme is characteris- 
tic of a single distribution of the coenzyme between the bound and ad- 
sorbed phases for each application of the process. 

In the following discussion the use of a charcoal column to remove the 
coenzyme will be described. This technique has the theoretical advantage 
of greater efficiency than a batch process, and was found to be effective in 
producing the maximal possible removal of the coenzyme by charcoal. 
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Some of the properties of the apoenzyme thus produced will be described, 
and the result of the quantitative titration of the apoenzyme with the 
coenzyme will be presented, this latter process being followed by the in- 
crease in absorption in the 300 to 400 my region which arises when the DPN 
is bound to the apoenzyme (8). 


EXPERIMENTAL 


Preparation of Enzyme—Rabbit muscle glyceraldehyde-3-phosphate de- 
hydrogenase was prepared as described previously (1) and stored at 0° as 
the crystalline suspension in approximately two-thirds saturated ammo- 
nium sulfate and 2.0 mm EDTA. 

Coenzyme—The DPN used for the enzymatic assays and the binding 
studies was Pabst lot No. 308. This material, prepared from yeast, is 


TaBLe I 
Optical Extinction Data for DPN Extinction Coefficients, Cm.2 Mole! X 10-8 














Ams 
Source or literary reference | — 
260 | 280 | 340 
Pabst lot No. 308 (this work)..................0. 19.7* | 4.38 | 0.021 
Heat denaturation of apoenzyme (this work).....; 20.3 | 4.35 | 0.112 
Ee OE ee ae eee ee eee 19.6 | 4.38 


Kornberg and Horecker (9)....................-. | 18.0 | 





* The discrepancy between this value and that given by Kornberg and Horecker 
(9) may be due to the presence of the a isomer of DPN (10). 


approximately 95 per cent oxidized DPN on a dry weight basis.2 The 
extinction coefficients at 260, 280, and 340 my are given in Table I, along 
with the corresponding values for DPN derived from the TDH-DPN 
complex by heat denaturation of the apoenzyme. Also in Table I are the 
values for the extinction coefficients reported by Velick et al. (4) for a 
DPN preparation of 94 to 97 per cent purity, and the value given by Korn- 
berg and Horecker (9). In this work, DPN concentrations were deter- 
mined by reduction of the coenzyme with excess glyceraldehyde and arse- 
nate in the presence of TDH, followed by measurement of the increase in 
absorption at 340 my arising from reduced DPN. The extinction coeffi- 
cient used for the reduced coenzyme was 6.25 X 10° cm.? mole, which is 
an average of the values reported by Horecker and Kornberg (11) and 
Ohlmeyer (12). In a comparison experiment, identical DPN assays were 
obtained by using either glyceraldehyde-3-phosphate or glyceraldehyde as 
substrate. 


* Manufacturer’s specifications. 
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Charcoal—The charcoal was Norit A (Pfanstiehl Laboratories), which 
was used without further treatment. 

Filter Pulp—The filter pulp used was the dispersed material (No. 289) 
manufactured by Schleicher and Schiill. 

Enzymatic Assay—The enzymatic assay system used in this work wag 
that described by Beisenherz et al. (13), except that glyceraldehyde (16,7 
mM) was used as substrate at pH 7.5. Under these conditions, the reduc- 
tion of DPN was linear with time for several minutes, and the initial rate 
of reduction of coenzyme was proportional to enzyme concentration. 

Absorption of Protein in Ultraviolet Region—The absorption spectra re- 
ported in this paper were determined either in a Beckman DU spectro- 
photometer or in a Cary recording spectrophotometer. The Beckman 
instrument was used whenever precise determinations of extinctions were 
required as well as for kinetic work. 

Extinction Coefficients—All protein extinction coefficients reported in this 
paper were determined from the dry weight of protein in solutions of 
measured optical absorption. After equilibrating the protein against the 
appropriate buffer, measured portions were put into weighing bottles and 
the solution lyophilized in an Abderhalden drying pistol. The lyophilized 
protein was then dried overnight at 100° in vacuo over P20; in the Abder- 
halden pistol, cooled, and weighed. The process was repeated for 12 to 
24 hour intervals until the protein no longer lost weight. A blank correc- 
tion for the buffer alone was made in each case. 

Charcoal Columns—The theoretical advantage of the use of charcoal 
columns for the removal of the coenzyme has been mentioned previously, 
but it has been found that columns composed solely of charcoal have low 
flow rates, resulting in long contact times which cause the protein from 
the column to be unstable. Since activated charcoal contains divalent 
metal ions, it is possible that the instability noted after prolonged associa- 
tion with charcoal is due to oxidation of sulfhydryl groups on the protein 
catalyzed by a heavy metal ion (14, 15). In order to attain higher flow 
rates, various supporting media were tried, and it was found that equal 
portions of charcoal and coarse filter pulp produced columns which were 
entirely satisfactory. In practice, the charcoal and pulp are mixed to- 
gether in distilled water for several minutes and then gently packed into 
a column with a footed glass rod. A mixture of 1.25 gm. of charcoal and 
1.25 gm. of filter pulp, when packed in a column 0.8 X 20 cm., gives a flow 
rate of 8 ml. per hour under a head of 4 to 6 inches of solvent, with a void 
volume of 8 ml. in the column. This column is adequate to give maximal 
removal of DPN from 3 ml. of a 5 per cent enzyme solution, the yield off 
the column being about 4 ml. of a 2.5 to 3.0 per cent solution. For the 
charcoal treatment, a portion of centrifuged crystals was dissolved in 
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water; no additional EDTA was added over that already present in the 
occluded mother liquor. The column was jacketed and kept at 1° with 
provisions for performing the experiment under a nitrogen atmosphere. 

Phosphate Analysis—Phosphate analyses were carried out according to 
the method of King (16). Optical densities were measured at 660 my in a 
Beckman DU spectrophotometer by using 1 or 5 cm. path lengths. 

Heat Denaturation—In order to determine the amount of DPN in the 
enzyme-DPN complex, the apoenzyme was removed by heat denaturation. 
Enzyme solution in a tightly stoppered test-tube was immersed in water 
at 100° for 1.5 minutes. The tube was then cooled in ice water, unstop- 
pered, and the protein gel broken up and removed by centrifugation. No 
loss of solvent was noted when this technique was used. Dr. F. M. Huen- 
nekens of this department has subjected the supernatant solution prepared 
by heat denaturation to paper chromatography and found two nucleotide 
spots, both of which assayed as DPN. The solvent system was isobutyric 
acid, concentrated ammonium hydroxide, and water, in a volume ratio of 
66:1:33. Separation of the DPN in this case probably is due to the acidity 
of the solvent. (This effect was studied by Chaykin (17), who found two 
spots for DPN below pH 4.75 and only one spot at higher pH values.) 
Chromatograms of DPN from the enzyme carried out in acetone-water 
(2:1 by volume) or in a mixture of 600 gm. of ammonium sulfate, 1 liter 
of sodium phosphate buffer (0.1 m, pH 6.8), and 20 ml. of n-propanol re- 
sulted in a main spot similar to that for commercial DPN in respect to 
both rate of migration and appearance under ultraviolet light. The R, 
values obtained in these two solvents were 0.10 and 0.31, respectively, for 
commercial DPN, and 0.09 and 0.28 for DPN from TDH. In both sol- 
vents, two other faint spots were detected in the DPN from the enzyme, 
but neither of these seems to be due to the presence of reduced DPN. 

Addition of DPN to Apoenzyme—The apoenzyme for these experiments 
was prepared fresh on a charcoal column. If the ultraviolet absorption 
indicated that all of the DPN had been removed (see below), portions of 
apoenzyme and DPN solutions were mixed with distilled water to make 
the volume up to 3 ml. in a Beckman cell. The binding of the coenzyme 
was followed by the increase in extinction at 340 my (8). 


RESULTS AND DISCUSSION 


Enzymatic Activity—The enzyme, acting upon glyceraldehyde at pH 7.5 
under conditions of zero order kinetics, has been found to have a turnover 
number of 6.0 to 6.5 moles of DPN per minute per 10° gm. of enzyme. 
None of the techniques which have been used in this work, with the excep- 
tion of those deliberately used to denature the protein, has effected any 
change in the activity of the enzyme on this substrate; this finding is 
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especially noteworthy in the case of the apoenzyme from the charcoal 
column. 

Absorption of Protein in Ultraviolet Region—It has been reported (4) 
that the absorptions of DPN and apoenzyme are additive in the region 
from around 260 to 280 my, so that the extinction of the apoenzyme should 
be obtainable by simply subtracting the contribution of DPN from the 
absorption of the complex. Both ultraviolet absorption and dry weight 
determinations were run on one portion of TDH solution. Another por. 
tion was subjected to heat denaturation, and the supernatant solution was 
analyzed for DPN by enzymatic reduction. The calculations were car- 
ried out as indicated above, and the values of Ex = 0.890 and Ex» = 
0.483 cm.? mg. were obtained for the apoenzyme. These two values are 
significantly lower than those reported previously by Velick et al. (4), 
Exo = 0.98 and Exe = 0.535; the ratio of the apoenzyme extinction 
at 280 my to that at 260 my calculated by assuming mere additivity is also 
too low. This ratio, H20/E2s0, hereafter referred to as R, is a sensitive 
measure of the DPN content of the complex, since these two wave-lengths 
represent the maximal absorption of the apoenzyme and the coenzyme, 
respectively. Since the 260 my extinction is in the denominator and rep- 
resents the DPN content, it can be seen that the lower the DPN content, 
the higher the ratio. From the charcoal column work (see below) it has 
been found that the maximal ratio obtainable by removal of the coenzyme 
from the apoenzyme is 1.92, and it is to be expected that the extinctions 
at 280 and 260 my calculated for the apoenzyme should have at least this 
ratio. Since the extinctions calculated on the basis of additivity of ab- 
sorption gave R values which were too low, it appeared that either the 
assumption of additivity was wrong or the heat denaturation of the pro- 
tein resulted in the loss of some of the DPN, so that the quantity of co- 
enzyme assayed was too low. 

In order to determine which of these alternatives might offer the correct 
explanation, the extinction coefficient, based on protein dry weight, was 
determined for the charcoal-prepared apoenzyme. The average results for 
two determinations which agreed closely were Ex = 0.829 and Ex = 
0.435 cm.? mg.-, the ratio R being 1.92. These results indicate that there 
is a slight increase in extinction in the 260 to 300 my region when the apo- 
enzyme binds the coenzyme. That this is actually the case was demon- 
strated by the following experiment: the extinctions and concentrations of 
a DPN solution and of a charcoal-prepared apoenzyme solution were de- 
termined and measured portions of the two solutions mixed. The con- 
centrations of the protein and the DPN were such that all of the coenzyme 
was bound by the apoenzyme. The results of this experiment are shown 
in Fig. 1. By using the data of Fig. 1, the increase in absorption due to 





nu 


Teoal 


d (4) 
egion 
10uld 
a the 
eight 
- por. 
1 was 
: Car- 
i 
2g are 
. (4), 
ction 
s also 
sitive 
ngths 
ryme, 
| rep- 
itent, 
it has 
zyme 
stions 
t this 
of ab- 
r the 
> pro- 
of co- 


orrect 
, was 
ts for 
0 = 
there 
2 apo- 
»mon- 
ons of 
re de- 
: con- 
zyme 
shown 
lue to 





J. B. FOX, JR., AND W. B. DANDLIKER 1011 


the binding of DPN to the apoenzyme may be calculated. Since the 
DPN is present in less than equivalent amounts, the observed change in 
extinction must be divided by the DPN concentration and not by the 
protein concentration. The calculated values of A log (Io/J) per cm. at 
260 and 280 mu, due to the binding, are 2.40 and 3.60, respectively, per 
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Fig. 1. Absorption spectra for the addition of DPN to the apoenzyme. Curve 1 
represents 0.0154 mm of DPN, Curve 2, 1 mg. of apoenzyme per ml. Curve 3 is the 
sum of Curves 1 and 2, and Curve 4 is the experimentally observed curve for a solution 
0.0154 mm in DPN and containing 1 mg. of apoenzyme per ml. This amount of DPN 
is about 70 per cent of the total binding capacity of the apoenzyme. Thus the dif- 
ference between Curves 3 and 4 would be even greater if a stoichiometric amount of 
DPN had been added. 


micromole of DPN bound per ml. By using these data, an empirical curve 
for the variation of the ratio R with varying amounts of DPN bound per 
mg. of enzyme per ml. was constructed as indicated in Fig. 2, upper curve. 
It will be noted that the curve has a break at 0.0216 umole of DPN per 
mg. of enzyme per ml. Since this has been found to be the maximal 
number of moles of DPN bound in this study, the curve beyond this point 
has been calculated by adding the absorption of free DPN to the absorp- 
tion of the completely reconstituted complex. 
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Three types of experimental evidence in support of the constructed 
curve have been obtained. The squares in Fig. 2 represent data on the 
number of micromoles of DPN per mg. of enzyme for various crystalline 


p» moles of DPN/mgm. apoemyme 
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Fia. 2. The effect of varying the amount of DPN bound to the apoenzyme on the 
ultraviolet absorption of the complex. R is the ratio, Eos0/E260. The upper curve 
is the number of micromoles of DPN per mg. of apoenzyme per ml., while the lower 
curve represents the extinction coefficient at 280 my for any given R. The composi- 
tion of the solution represented by a progression along the abscissa varies from pure 
apoenzyme to a completely reconstituted complex mixed with excess DPN. The 
break in each curve appears at the point of maximal binding. The symbols are to 
be associated with the upper curve and represent corroborative data from separate 
experiments (see the text). 


preparations of the enzyme, as determined by heat denaturation of the 
apoenzyme and enzymatic reduction of the free DPN. The triangle (Fig. 
2) is an experimentally determined point for the addition of DPN to an 
apoenzyme solution, the coenzyme being a Pabst DPN solution of known 
concentration, and the circle represents the result of only partial removal 
of DPN by charcoal. The DPN for the latter value was determined by 
the extinction of the heat-denatured solution at 260 mu, followed by en- 
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ructed zymatic assay, both of which agreed within 1 per cent. The phosphate 
= the analysis of the enzyme solution partially saturated with DPN was about 
talline | per cent higher than would be calculated from the DPN concentration, 
but this has been the usual finding with the enzyme from charcoal treat- 
ment. As a final check on the accuracy of the above determinations of 
the apoenzyme extinction and the increase due to the DPN binding, the 
extinction of the enzyme-(DPN); complex has been calculated by using 
the molecular weight of 140,000 obtained in this laboratory from light 
scattering and sedimentation velocity and diffusion (1, 2). The values 
obtained were Eg = 1.002, Eo = 0.922, and R = 1.09. These values 
are in close agreement with the extinctions for the recrystallized enzyme, 
both as reported previously (4) and as determined directly in this work. 
The variations in the extinctions of the recrystallized complex are prob- 
ably due to the small variations in the DPN content discussed previously. 

Criteria for Completeness of Removal of DPN from Apoenzyme by Charcoal 
Treatment—Since the primary interest in removing the DPN from the 
apoenzyme was to obtain quantitative evidence as to the coenzyme con- 
tent of the complex, it was necessary to be sure that the removal of DPN 
was complete. To attain this end, the following criteria were applied to 
the charcoal-treated enzyme: the achievement of the maximal possible 
extinction ratio, R, the absence of detectable DPN, and the absence of 
phosphate indicative of DPN. 

That the maximal possible removal of DPN by charcoal had been ob- 
tained was demonstrated by passing a solution of the enzyme through two 
successive columns. Several samples were taken from the first and second 
columns; all samples gave a value of R = 1.92, demonstrating that the 
‘on the | Maximal removal had been attained by the first column. Solutions of the 
r curve | apoenzyme from the column were subjected to heat denaturation, and the 
e lower | supernatant solutions were examined spectrophotometrically. The re- 
mposi- | maining absorption, while not typical of the absorption of DPN, would 
a have corresponded at 260 muy to less than 0.5 per cent of the original 
“are to | amount of coenzyme in the complex. Phosphate analyses showed a slight 
»parate | amount of total phosphate in the apoenzyme amounting to about 6 per 
cent of the original content. Half of this phosphate was dialyzable and 
assayed as inorganic phosphate, with somewhat less than 3 per cent of the 


of the original phosphate remaining. In view of these results, it has been con- 
> (Fig. | cluded that the charcoal column treatment of the complex as used in this 
to an 


work has completely removed the DPN from the apoenzyme. 

<nown Addition of DPN to Apoenzyme—The results of the titration of the en- 
moval zyme with DPN are shown in Fig. 3. The rising portion of the curve was 
ed by [| obtained by the least squares treatment of the results of six additions of 
by en- | DPN to the apoenzyme, whereas the level portion was obtained by averag- 
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ing the results of seven additions. The intersection of the two sections of 
the curve is at 0.0217 umole of DPN per mg. of enzyme, which corresponds 
to 1 mole of DPN per 46,000 gm. of enzyme. This is equivalent to 3 
moles of DPN per 138,000 gm. of the enzyme, the molecular weight thus 
calculated being in excellent agreement with the physical studies performed 
in this laboratory. 

Enzymatic Reduction of Bound DPN—The usual method of enzymati- 
cally assaying bound DPN on the enzyme has been to add substrate to the 
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Fic. 3. The titration of apoenzyme with DPN utilizing the increase in absorption 
at 340 mu. All the points represent solutions containing 1 mg. of protein per ml. 
The sudden break in the curve occurs at 0.0217 umole of DPN per mg. of apoenzyme. 
The equation for the rising portion of the curve is A E349 per em. = 0.925 X micro- 
moles of DPN per mg. of enzyme, while the horizontal portion is A E349 = 0.0201. 


complex and to observe the change in the 340 mu absorption (1, 4). How- 
ever, the technique used in these instances has involved the use of the 
crystalline complex which may vary somewhat in DPN content. Since, 
in this work, the complex has been reconstituted with DPN solutions of 
known concentration, it was possible to know the exact amount of bound 
coenzyme. Apoenzyme and DPN were mixed with 50 mm TEA buffer, 
pH 7.5, and 6 mm in arsenate, so that the final concentrations were total 
protein 4.7 mg. per ml., total DPN (presumably all bound) 0.041 mm. It 
may be noted that this amount of DPN is 40 per cent of the maximal 
amount which could be bound to the protein present. 0.1 ml. of 0.5 m 
glyceraldehyde was added to start the reaction (total volume of solution, 
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3.0ml.). Additional DPN was added after the initial reaction had stopped, 
whereupon the absorption at 340 my continued to increase beyond that 
expected from the binding of the added DPN, which indicates that the 
enzyme was still active. The initial increase in absorption corresponded 
to only 0.0285 mm DPN;; 7.e., to only 70 per cent of the coenzyme originally 
added to the solution. In view of the findings of Cori et al. (7) previously 
referred to, we believe that our results indicate partial reduction and not a 
lowered extinction coefficient for DPN. 

Because the enzymatic reduction of the bound coenzyme is not complete, 
it can be seen that the results of such an experiment cannot be adduced as 
proof of the molecular weight unless the percentage reduction is also known. 
Another objection to the previous determinations of the bound DPN by 
this method is that they have been made on the recrystallized apoenzyme- 








DPN complex. As has been mentioned previously, it cannot be rigorously 
TaBLeE II 
DPN Content* of Crystalline Enzyme Preparations 
Preparation No. Times recrystallized ie erie R 
7 8 2.2 1.07 
8 4 1.92 1.14 
9 7 2.35 1.055 

















* Measured by heat denaturation of the apoenzyme, followed by enzymatic reduc- 
tion of the supernatant solution. 


assumed that the crystalline enzyme will bind an integral number of moles 
of DPN, although it would appear reasonable in this case. In fact, the 
quantity of DPN in the recrystallized complex does show some slight varia- 
tion, as presented in Table II. It will be noted that Preparation 8 has 
significantly less DPN than Preparation 7 or 9, in spite of the fact that 
Preparation 8 had been recrystallized fewer times. The DPN content of 
Preparation 8 was slightly less than would be expected for the enzyme- 
(DPN); complex, and the crystalline enzyme was still losing small amounts 
of the coenzyme upon successive recrystallizations. In the case of Prep- 
arations 7 and 9, the loss of DPN was low upon successive recrystalliza- 
tions. However, both of these preparations had considerably more DPN 
than a stoichiometric amount of the coenzyme. The authors, therefore, 
believe that the analysis of the coenzyme content of the crystalline enzyme 
is not a reliable quantitative criterion for a minimal molecular weight. 
Evidence from Literature for Molecular Weight of 140,000—Additional 
evidence from the literature for the molecular weight reported in this pa- 
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per has come from two sources, the valine end-group analysis by Velick 
and Udenfriend (18) and the glutathione analysis by Krimsky and Racker 
(19). The reported value for the valine amino end-groups was 1.7 per 
mole, for a molecular weight of 118,000. This number, however, corre. 
sponds to an integral number of 2.0 per 139,000 in good agreement with 
the value from this laboratory. The glutathione analysis was 1.6 per mole, 
presumably for the molecular weight of 118,000 to 120,000 previously re. 
ported in the literature (3). This value corresponds to 1.87 moles of 
glutathione per 140,000, which is a closer approximation to an integral 
number. However, the glutathione is removed from the enzyme by tryp- 
tic digestion, and there is no evidence to show whether all of the gluta- 
thione had been removed and subsequently recovered. 


SUMMARY 


Quantitative studies have been made on the amount of DPN bound by 
p-glyceraldehyde-3-phosphate dehydrogenase. The methods applied to 
this problem have included the removal of the coenzyme from the protein 
by a charcoal column technique. The recombination of the coenzyme with 
the apoenzyme was studied quantitatively by the increase in absorption 
at 340 mp. The results indicate that the enzyme binds 1 mole of DPN 
per 46,000 gm. of protein or 3 moles per 138,000. This latter figure is in 
good agreement with the molecular weight obtained by physical measure- 
ments. Evidence from the literature is presented which tends to corrob- 
orate these findings. The extinction coefficients of the apoenzyme have 
been found to be 0.829 and 0.435 cm.? mg. at 280 and 260 my, respec- 
tively. The DPN content of the complex has been determined by heat 
denaturation of the apoenzyme, followed by enzymatic reduction of the 
free DPN. Direct enzymatic reduction of the bound DPN appears to 
result in only 70 per cent reaction. 
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ON THE MECHANISM OF AN ANAEROBIC EXCHANGE 
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Attempts in this laboratory to study with deuterium the possible mech- 
anism of an anaerobic hydrogen transfer reaction from reduced diphospho- 
pyridine nucleotide to fumarate, as catalyzed by heart particle preparations 
(1), necessitated an investigation of the possibility that these prepara- 
tions, which contain succinic dehydrogenase, also catalyzed an anaerobic 
exchange reaction described by Weinmann ef al. (2). These workers ob- 
served that, when dideuteriosuccinate was incubated anaerobically with a 
rabbit kidney succinic dehydrogenase preparation, there resulted a signif- 
icant exchange of the hydrogen atoms of the medium with the deuterium 
atoms of the dideuteriosuccinate. They also noted that this rate of ex- 
change, although not influenced by the presence of methylene blue, was 
roughly equivalent to the rate of succinate oxidation in the presence of a 
suitable acceptor such as methylene blue (MB). This correspondence be- 
tween the rates of anaerobic exchange and oxidation was interpreted as 
lending support to the hypothesis that the same enzyme, namely succinic 
dehydrogenase, catalyzed both of the following reactions: (1) oxidation of 
succinate and (2) hydrogen exchange. 

HOOC—CH:—CH:—C OOH + MB — 
HOOC—CH+—CH—COOH + MBH, 
HOOC—CH—CHCOOH + 2H*t — HOOC—CH—CH—COOH + 2D* 
9 
™ D D H H 

The results presented in this paper show that, when normal succinate 
was incubated anaerobically with a heart particle preparation in a medium 
containing D.O, the exchange reaction was exceedingly slow compared with 
the rate of aerobic oxidation. The addition of fumarate greatly enhanced 

* Contribution No. 145 of the McCollum-Pratt Institute. Aided by a grant from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council. 

t Postdoctorate Research Fellow of the American Heart Association, Inc. Pres- 


ent address, Department of Biochemistry, Albert Einstein College of Medicine, 
Yeshiva University, New York 61, New York. 
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TaBLe I 


the rate of deuterium incorporation into succinate under anaerobic condi- 
Thus the exchange reaction studied here appears to be not a result, 
of an increased rate of dissociation of the C—H bonds of succinate as sug- 
gested in Equation 2, but rather a reflection of the oxidation of succinate 


Anaerobic Deuterium Incorporation into Succinate, Fumarate, and Malate 
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Pe ae 
succi- de. 
onid-| Acids isolateat | PNNER" | Atom| atom 
able. Lene per 
aerobi- cent | snole- 
callyt ont cule|| 
129 | Succinate 2.0 \0.119/0.0143 
79 ss 5.0 |0.362)0.109 
Fumarate 2.0 |0.017/0.0014 
Malate 10.0 |0.257\0.720 
159 | Succinate 5.1 (0.786 0.241 
Fumarate 2.5 |0.028/0.0028 
Malate 7.4 = |0.321/0.666 
334 Succinate 2.0 |0.258/0.0310 
Fumarate] 2.0 0.06910 .0055 
Malate§ No dilu- 
tion eg om 
67 | Succinate 3.1  |0.490/0.0996 
Fumarate 3.0 0.069|0 .0083 
Malate 10.4 - 0.794 
134 | Succinate 6.1  |0.613/0.224 
Fumarate 6.0 0,090,007 
Malate 9.7 ie 0.817 
268 | Succinate 11.9 (0.644/0.460 
| Fumarate 10.0 (0.047/0.0188 
| Malate 12.1 0.365)0.779 
Succinate] 1.2 \0.053)0 .0038 
Fumarate 5.0 (0.068)/0.0136 
Malate 10.4 — |0.463/0.867 
Succinate 1.2 ~ 0.0048 
= 1.2 (|0.061/0.0044 
Fumarate 3.0 (0.025 0.0030 
Fumarate 3.0 (0.099 0.0119 
Malate No dilu- |0.038/0.0068 
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Per a 
Per : 

¢ Ex- Pas’ Incu- | succi- “aa euenieicenairinasame 
sy ment Acids incubated 7 in pevid oxidie- Acids isolatedt ee pom Ate 
" dium |'" osu cent i. 
III} 1 | Succinate 87.5) 20 | 258 | Succinate 3.2 |0.196|0.0376 

2 “ + 
fumarate 85.8) 5 31.5 5.7  |0.405)/0.138 
Fumarate 10.5 |0.141/0.059 
Malate 8.6 |0.336/0.809 

3 | Succinate + 
fumarate 85.8) 10 63 | Succinate 7.8  |0.563/0.263 
Fumarate 11.0 |0.234/0.103 
Malate 8.7 |0.346)0.843 

4 | Succinate + 
fumarate 85.8} 20 | 126 | Succinate 16.7 |0.534/0.535 
Fumarate 10.9 |0.530/0.231 
Malate 11.8 |0.313)1.034 
5 | Fumarate 85.8} 20 Succinate] 1.6 |0.064/0.0061 
Fumarate 9.0 |0.217|0.078 
Malate 8.3 |0.349/0.811 

IV Succinate + 
fumarate 78.8| 20 | 206 | Succinate 10.4 |1.019)0.636 
Fumarate 3.1 |2.040/0.253 











*Each series represents one enzyme preparation with which all the experiments 
were carried out simultaneously. 

t See the text, p. 1022. 

t Malates in Series I and II isolated as cinchonine salt and in Series III as diphen- 
acyl ester. 

§ Experimental values. 

|| Values corrected for dilution and calculated on the basis that 1 atom of deuter- 
ium per molecule of succinic acid, fumaric acid, cinchonine malate, and diphenacyl 
malate would correspond to a value of 16.7, 25.0, 3.57, and 5.55 atoms per cent excess, 
respectively. 

{ Added as carrier at the end of the experiment. 1 mmole each for succinate and 
fumarate and 0.5 mmole for malate. 

** Boiled enzyme. 


(Equation 1) by a natural carrier in such a manner that the hydrogens of 
succinate are directly or indirectly donated to the medium (see ‘“Discus- 
sion,” Equations 5 and 6). This possibility was also considered by Wein- 
mann et al. (2) and earlier by Erlenmeyer et al. (3). According to this 
view, the addition of unlabeled fumarate promotes the back-reaction by 
which the deuterium from the heavy water medium becomes incorporated 
into the succinate. This effect of fumarate might conceivably have in- 
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volved a prior incorporation of deuterium into fumarate if the fumarase 
present in our preparations had been non-stereospecific with respect to the 
methylene hydrogens of l-malate. However, experiments are reported 
herein which demonstrate the stereospecific behavior of fumarase, in agree- 
ment with similar results obtained by Fisher et al. (4). 

On the assumption that the anaerobic exchange reaction is catalyzed by 
a single enzyme and that this enzyme is involved in the aerobic oxidation 
of succinate to fumarate, the data further suggest that all four methylene 
hydrogens of succinate were labeled as a result of the anaerobic exchange 
reaction. This result will be considered in terms of the stereospecificity of 
succinic dehydrogenase. A preliminary account of this‘work has appeared 
(5). 

Methods 


Enzyme Preparations, Assays, and Anaerobic Incubations—The heart 
muscle preparations were isolated from horse heart according to the method 
of Keilin and Hartree, as described by Slater (6). The anaerobic reac- 
tion mixtures contained 2.44 mmoles of potassium phosphate buffer, pH 
7.29, 11.0 mg. of cytochrome c, 1.0 ml. of enzyme preparation, and 1 mmole 
of sodium succinate or potassium fumarate or 1 mmole each of succinate 
and fumarate, in a total volume of 16.5 ml. at the indicated per cent DO 
concentration by volume.! The succinate was tipped from the side arm of 
a large Thunberg tube after flushing the remainder of the reaction mixture 
in the main compartment with nitrogen gas and evacuating the tubes for 
5 to 8 minutes with an oil pump. Incubations were carried out in a water 
bath at 37°. The corresponding rates of succinate oxidation were deter- 
mined by following manometrically the oxygen uptake under aerobic con- 
ditions identical otherwise with those prevailing in the experimental an- 
aerobic incubations. These rates are expressed (Table I) as per cent of 
the total succinate added which could be oxidized in the experimental 
period. Fumarase activity was determined under aerobic conditions by 
measuring the rate of loss in absorption at 240 my in a Beckman DU 
quartz spectrophotometer (7), and was checked by measurements of total 
malate isolated at the end of the anaerobic reactions. 

Separation, Isolation, Dilution, and Purification of Acids—Reactions were 
stopped at the indicated time by acidification with concentrated H.SO, to 
give a final concentration of approximately 2 N H.SO,. After filtration 
and washing the precipitate with 2.5 ml. of HO, the combined superna- 
tant fluids were generally mixed with two weights of ether-washed Johns- 
Manville Celite No. 535. The acids were subsequently recovered by con- 
tinuous ether extraction for 16 to 20 hours. After removal of the ether 


1 The heavy water used in these experiments was obtained on allocation from the 
United States Atomic Energy Commission. 
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under a vacuum in the presence of 5 ml. of water, the aqueous solution was 
adjusted to pH 8.0 to 8.5 with KOH and passed through Dowex 1-formate 
columns, and the acids were separated by a slight modification of the 
method described by Busch ef al. (8).2- Subsequent to desiccation, the 
fractions representing individual peaks were combined by dissolving in 
H.O. The identity of each peak was determined by its position of emer- 
gence from the Dowex 1-formate columns (titration with NaOH) and by 
ascending paper chromatography in the butanol-propionic acid-H,0 sol- 
vent described by Benson et al. (9), and then spraying the dried paper with 
bromophenol blue (10). Prior to isotope dilution by addition of carrier, 
each acid was quantitatively determined as presently described. Succinate 
was determined manometrically by measuring the total oxygen uptake 
upon incubation with the succinic oxidase preparation from heart. Fu- 
marate was measured by determining the optical density at 240 my in the 
Beckman spectrophotometer (7). Malate was determined fluorometri- 
cally by the method of Speck as described by Loewus et al. (11). After 
appropriate isotope dilutions with the respective acids, succinate and fu- 
marate were isolated as the free acids and further purified by vacuum sub- 
limation. Malate in some experiments was isolated as the cinchonine salt 
(12, 13), which was recrystallized once from methanol-acetone and finally 
from water-acetone. In other experiments malate was isolated as the 
diphenacy] ester (11) and recrystallized from benzene-petroleum ether. 
Deuterium Analyses—These were carried out by combustion of the sam- 
ples to water, and reduction of the water over zinc dust to Hz plus HD. 
The deuterium content of the gas was then determined by mass analysis. 


Results 


Influence of Fumarate on Anaerobic Deuterium Incorporation into Suc- 
cinate—In contrast to the previous findings of Weinmann et al. (2), the 
present preparations, when incubated anaerobically with succinate in a 
medium containing D.O, exhibited an extremely low rate of incorporation 
of deuterium into succinate compared to the corresponding rate of aerobic 
oxidation (Table I, Experiment 1 of Series I, II, and III). As indicated in 
Table I (Series I, Experiments 1 and 3, Series II, Experiments 1 and 4, 
and Series III, Experiments 1 and 4), the addition of fumarate, although 


2This modification involved the initial elution of succinate and malate in one 
fraction with 90 to 100 ml. of 2.5 N formic acid. Changing to 5 n formic acid resulted 
in the almost immediate elution of fumarate as a distinct peak, followed by the 
emergence of inorganic phosphate. The 2.5 nN formic acid eluates containing both 
succinate and malate were lyophilized, dissolved in water, neutralized to pH 8.0 to 
8.5 with KOH, and again passed through Dowex 1-formate columns. Succinate and 
malate were then separated by elution with continually increasing formic acid con- 
centrations as described by Busch et al. (8). 
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occasionally inhibiting aerobic succinate oxidation, invariably greatly 
stimulated the incorporation of deuterium into succinate under anaerobic 
conditions. 

The effective stimulation of deuterium incorporation into succinate by 
fumarate, if interpreted in terms of a simple reversal of the classical sue- 
cinic dehydrogenase reaction, could mean that the deuterium appearing in 
the succinate either arose directly from the medium in the course of reduc- 
tion of unlabeled fumarate or arose from a reduction of previously labeled 
fumarate. The latter possibility was ruled out by the observations de- 
scribed in the following section. 

Stereospecific Behavior of Fumarase—The succinic dehydrogenase prep- 
arations used throughout this study contained sufficient fumarase to estab- 
lish rapidly the fumarate-malate equilibrium. Such an equilibration, if 
catalyzed in the non-stereospecific manner described by Equation 3, would 
yield labeled fumarate. Hence, the finding of deuterium in succinate and 
the stimulation of this deuterium incorporation by fumarate might have 
at least partially reflected a prior incorporation of deuterium into fumarate 
by a non-stereospecific behavior of fumarase. 





COOH COOH COOH 
| 
HC snp 3O-OPD _» OF 
(3) | —— | ——  y 
CH DCH . 
COOH COOH COOH 


That such was not the case can be noted from an experiment in which fu- 
marate alone was incubated with the enzyme preparation under conditions 
identical to those in which the exchange reaction was determined (Table 
I, Series II, Experiment 5). Thus, while the malate exhibited an extremely 
high deuterium content, as anticipated, the fumarate was exceedingly low 
in its content of deuterium. The reaction proceeded long after the fu- 
marase equilibrium had been reached,’ so that there was ample opportunity 
for the fumarate to become more highly labeled if the fumarase behaved in 
a non-stereospecific manner, according to Equation 3. Similarly, in the 
experiments designed to test the influence of fumarate on the extent of 
deuterium incorporation into succinate (Table I, Series I, Experiments 2 
and 3, Series II, Experiments 2, 3, and 4), while the succinate exhibited in- 
creased deuterium incorporation with time, the deuterium content of fu- 
marate, if significant at all, was extremely low, and the deuterium content 
of malate remained high and essentially constant, at close to the theoretical 

3 The half time for reaching fumarase equilibrium was approximately 2 hours with 


the enzyme preparation used in Series II and 44 hours with the enzyme preparation 
used in Series III. 
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values of 0.82 and 0.86 atom of deuterium per molecule, respectively (as- 
suming no isotope effect). These results thus tend to strengthen the belief 
that the deuterium incorporated anaerobically into succinate in the absence 
or presence of fumarate arises directly from the medium and not from 
labeled fumarate. 

The finding that fumarase in its back-reaction behaves with strict speci- 
ficity in removing the identical molecule of H:O from /-malate as was 
incorporated into fumarate in its forward reaction, is in accordance with 
Equation 4, and in agreement with similar results obtained by Fisher et 
al. (4) with crystalline fumarase. 


COOH COOH 


| 
HC +D.0 HC—oOD 


(4) | ==> 


< 
- —D:0 — 
COOH COOH 


Variability of Enzyme Preparations in Extent of Deuterium Incorporation 
into Fumarate—The previous conclusions regarding the stereospecific be- 
havior of fumarase and the probability that the deuterium incorporated 
into succinate during the anaerobic exchange reaction arises directly from 
the medium are based on the low deuterium values recorded for fumarate 
(Table I, Series I and II). In other experiments, however, a higher deu- 
terium incorporation into fumarate was observed. Thus, when fumarate 
was permitted to undergo the fumarase-catalyzed equilibrium in a medium 
enriched with D,O (Table I, Series III, Experiment 5), the deuterium 
content of the reisolated remaining fumarate was significantly increased 
over that of a similar experiment recorded for a different enzyme prepara- 
tion (Table I, Series Il, Experiment 5). Moreover, in contrast to the 
previously discussed experiments in Table I (Series I and II), this same 
preparation (Series III), as well as that used for the experiment recorded 
in Table I, Series IV, when incubated anaerobically with succinate in the 
presence of fumarate, led to even higher deuterium incorporation into 
fumarate. The increase in deuterium levels of succinate, with time, was 
accompanied by similar high increases of deuterium incorporation into 
fumarate and a concomitant increase of malate labeling (due to malate 
originating from labeled fumarate), eventually exceeding the theoretical 
value of 0.86 atom of deuterium per molecule for malate derived from un- 
labeled fumarate (Table I, Series III, Experiments 2, 3, and 4). Although 
the reason for the differences in behavior of the various preparations made 
in practically identical fashion is not clear at the present time, it should be 
noted that certain correlations, to be discussed later, exist between the 
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oxidizing activities of the various preparations and their activities with 
respect to deuterium incorporation into both succinate and fumarate. 

Deuterium Distribution in Enzymatically Produced Deuteriosuccinate— 
The original postulate of Ogston (14) that citrate as an enzyme substrate 
complex may behave as an asymmetrical molecule was subsequently sup- 
ported by the experiments of Potter and Heidelberger (15) and Lorber 
et al. (16). Recent studies on reactions involving hydrogen transfers to and 
from pyridine nucleotides have shown that these reactions are sterically 
specific with respect to the pyridine nucleotide (11, 17-20) and with re- 
spect to ethanol as well, when studied in the case of alcohol dehydro- 
genase (21). On the assumption that the exchange observed in the present 
experiments is catalyzed by a single enzyme and that the same enzyme is 
concerned in the aerobic oxidation of succinate, the occurrence of a similar 
sterically specific behavior for succinic dehydrogenase could be tested. 
Thus, if the exchange reaction resulted in succinate labeled specifically in 
two of its four methylene hydrogen positions, its oxidation by the same 
enzyme should yield essentially unlabeled fumarate. Such an experiment, 
in which deuteriosuccinate obtained by enzymatic exchange of deuterium 
into normal succinate in the presence of fumarate was enzymatically oxi- 
dized to fumarate, is recorded in Table II, and clearly indicates that the 
resulting fumarate retained (per molecule) about half the deuterium orig- 
inally present in the succinate. These findings, therefore, lend themselves 
to the interpretation that during the course of the anaerobic exchange 
reaction all four methylene hydrogens of succinate became labeled. The 
apparent discrepancy between the deuterium content of succinate before 
and after 50 per cent oxidation is probably due to an isotope effect which 
causes preferential oxidation of the unlabeled succinate molecules (22) lead- 
ing to a higher apparent deuterium content of the residual succinate and a 
somewhat lower than theoretical content of the resulting fumarate. It 
may be pointed out that identical results were observed with the deuterio- 
succinate obtained from experiments in which the respective fumarate 
pools were unlabeled or labeled (Table II, Experiments 1 and 2, respec- 
tively). 

Use of Enzymatically Formed Deuteriosuccinate As Substrate for Anaerobic 
Exchange Reaction—In order to duplicate more closely the experimental 
procedure followed by Weinmann et al. (2), deuteriosuccinate samples iso- 
lated from various experiments listed in Table I were incubated anaero- 
bically with the heart particle preparations in a normal water medium with 
or without added fumarate. The results are outlined in Table ITI. 

The main point to note is the relatively small decrease in the deuterium 
content of the deuteriosuccinate, even when incubated with fumarate. 
While this finding might at first inspection suggest a discrepancy with the 
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experiments reported in Table I, on closer examination it becomes clear 
that the difference is due to a difference in sensitivity of the two methods 
employed for the detection of exchange. This can be illustrated by a con- 
sideration of the following figures. The enzyme preparations in Experi- 
ments 2 and 3, Table III, when used for similar time periods in experiments 
with normal succinate and heavy water (Table I), showed about 0.6 per 
cent of maximal theoretical exchange without fumarate and about 9 per 


TaBLeE II 
Enzymatic Oxidation of Enzymatically Labeled Deuteriosuccinate 





Deuterium content 





Acid isolated and conditions monn coxemnins 





Dilution Atom | Atom per | Dilution} At°™ | Atom per 


factors atin moleculet | factors ten moleculet 





Deuteriosuccinate obtained 
from anaerobic exchange re- 
RS iid: A stokes Sass Soke ated No dilu- | 0.502 | 0.0301 | 4.1 | 0.402 | 0.0989 

tion 

Succinate after approximately 
50% enzymatic oxidation of 
above deuteriosuccinate..... 2.1 0.341 | 0.0480 | 4.4 | 0.505 | 0.133 

Fumarate resulting from above 
oxidation of deuteriosucci- 
Gata ce edcts eines ec 3.5 0.098 | 0.0137 | 5.0 | 0.222 | 0.0444 























Experiment 1, p-succinate from Experiment 3, Series I, Table I, oxidized with 
the enzyme from Series IV; Experiment 2, p-succinate from Series IV, Table I, 
oxidized with the enzyme from Series III. 

* Experimental values. 

+ Values corrected for dilution and calculated on the basis that 1 atom of deuter- 
ium per molecule of succinic acid and fumaric acid would correspond to a value of 
16.7 and 25.0 atoms per cent excess, respectively. 


cent with fumarate. If a similar degree of exchange had occurred, start- 
ing with deuteriosuccinate in Table III, the exchange would certainly have 
been undetectable in the experiments without fumarate and would have 
been just on the border of significance with fumarate. The actual results 
in Experiments 1 and 3, Table III, are in agreement with this expectation, 
while those in Experiment 2 show somewhat higher exchange values than 
would have been expected from the above considerations. 

Our inability to observe rapid exchange of deuterium into or out of suc- 
cinate, when incubated alone anaerobically with the Keilin and Hartree 
heart particle preparations, is not in agreement with the rapid exchange of 
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hydrogen into dideuteriosuccinate originally reported by Weinmann et al, 
(2), who used a rabbit kidney preparation. The discrepancy between 
these findings and those of the earlier workers might perhaps be due to 
differences in the nature of the enzyme preparations used. Similar experi- 
ments, however, with dialyzed and undialyzed supernatant fractions and 


TaBLe III 


Enzymatic Anaerobic Exchange of Enzymatically Labeled Deuteriosuccinate 
with Normal Water 





Deuterium content of succinate 

















Experiment 1 Experiment 2 Experiment 3 
Treatment of deuteriosuccinate si - ” 
obtained from anaerobic 

exchange reaction aa J Atom |. » —y tens of fom Aids 

Dilution fa per [96 peal per [So jd per 

factors ex- | mole- |33%| Q,. | mole- |S] Q,. | mole- 

e| cule (=& «| culet (ZS «| culef 

cess’ A | cess A | cess 
TE RE ee ee No dilu- |0.502/0.0301/4. 1/0 .402/0.0989)4 . 110.356/0.0876 
tion 


After anaerobic incubation 
with succinic dehydrog- 
| LAE Pe ie ees eee 2.3  |0.209/0.0288|5.0/0.265/0 0795/2. 9/0 .503/0.0876 

After anaerobic incubation 
with succinic dehydrog- 
enase in presence of 
equivalent concentration 
of fumarate.............. 5.4/0. 220/0.0713)2.9]0.440|0.0765 
































Experiment 1, p-succinate from Experiment 3, Series I, Table I, incubated 
anaerobically for 16 hours with the enzyme preparation from Series IV; Experiment 
2, p-succinate from Experiment 1, Series IV, Table I, incubated anaerobically for 
10 hours with the enzyme preparation from Series III; Experiment 3, p-succinate 
from Experiments 2, 3, and 4, Series III (pooled), incubated anaerobically for 4 
hours with the enzyme preparation from Series II. 

* Experimental values. 

{ Values corrected for dilution and calculated on the basis that 1 atom of deuter- 
ium per molecule of succinic acid corresponds to a value of 16.7 atoms per cent excess. 


washed residues from rabbit kidney homogenates prepared according to 
Colowick et al. (23, 24), invariably yielded extremely low values of anaero- 
bic deuterium incorporation into succinate compared to the rate of aerobic 
succinate oxidation. It should be emphasized that, in the experiments of 
Weinmann et al. (2), extremely large quantities of enzyme were used and 
methylene blue reduction rather than oxygen uptake was used as the basis 
for comparison with the rate of anaerobic exchange. These differences in 
experimental conditions and procedure may account in part for the ap- 
parent discrepancies observed. 
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DISCUSSION 


Mechanism of Anaerobic Labeling of Succinate—The results obtained in 
this study are most readily explained by formulation of Equations 5 and 6, 
(5) -OOC—CH.—CH:—COO- + 2X — -OOC—CH=CH — COO- + 2X- + 2H+ 
(6) ~OOC—CH=CH—COO- + 2X- + 2D*+ — ~-OOC—CHD—CHD—CO00* + 2X 
in which Equation 5 represents succinate as a reductant of a natural car- 
rier X and Equation 6 represents fumarate as reoxidizing the reduced car- 
rier X in a medium enriched with D.O. Alternatively, the reduction of 
X would yield X He, the hydrogens of which would be rapidly exchangeable 
with the medium D,O. The resulting XD2 would subsequently be re- 
oxidized by fumarate, yielding X and deuteriosuccinate. According to this 
scheme, the addition of fumarate would promote the incorporation of deu- 
terium into succinate by establishing a new equilibrium position in which 
the rates of both Equations 5 and 6 would be increased. The available 
data do not permit a definitive conclusion as to the involvement of only 
one enzyme in the catalysis of both Equations 5 and 6. Thus, while Equa- 
tion 6 in all probability is due to the generally described succinic dehydro- 
genase, the possibility must be entertained that Equation 6 may be cata- 
lyzed by an enzyme similar to the fumaric reductase isolated from yeast 
by Fischer et al. (25-27). However, in such a case, the carrier X would 
have to be capable of interacting with both enzyme systems. Massey et al. 
(28) have recently reported evidence supporting the view that a single 
enzyme is responsible for Equations 5 and6. Using a highly purified flavo- 
protein from beef heart, they showed that the enzyme served as both a 
succinic dehydrogenase and a fumarate reductase, and that the reduced 
enzyme could be reoxidized by fumarate. 

Significance of Fumarate Labeling—According to the scheme proposed, 
the deuterium appearing in the succinate should arise directly from the 
medium and not from a reduction of labeled fumarate. The results out- 
lined in Table I, Series I and II, which show that the fumarate remains 
essentially unlabeled as the deuterium incorporation into the correspond- 
ing succinate increases with time are, therefore, in agreement with the pro- 
posed mechanism. As already pointed out, the fumarase in these prepara- 
tions functions stereospecifically and does not lead to labeling of fumarate. 
The small amount of deuterium found in the fumarate in these experiments, 
if indeed significant at all, probably arises from deuteriosuccinate by the 
non-stereospecific reversal of Equation 6 as formulated by the Equation 7. 


4 At the new equilibrium position, Equation 6 would be increased in rate simply 
because of the increased fumarate concentration, while Equation 5 would be in- 
creased in rate because of the increased concentration of oxidized carrier resulting 
from fumarate addition. 
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(7) -OOC—CHD—CHD—COO- + 2X —> 
-OOC—CH=CD—COO- + 2X- + Dt + H* 


-The low values for fumarate labeling probably reflect (a) the low concen- 
tration of labeled succinate undergoing dehydrogenation during the experi- 
mental period and (6) the dilution of the small amount of isotopic fuma- 
rate thus formed by the initially added normal fumarate. It should be 
added that the non-stereospecific reversal of Equation 6 would be expected 
to lead eventually to extensive labeling of fumarate. It can be shown from 
a theoretical consideration of this process that, whereas the rate of labeling 
of succinate is directly proportional to the concentration of unlabeled suce- 
cinate remaining at any time, the rate of labeling of fumarate is directly 
proportional to the concentration of labeled succinate (minus labeled fu- 
marate) at any time. The theoretical time-course for labeling of fumarate 
would, therefore, involve a lag period. Thus, one might expect that under 
conditions by which succinate labeling became extensive (e.g. with longer 
incubation or with more active enzyme preparations) the degree of fuma- 
rate labeling would become larger. The high degree of fumarate labeling 
shown in Table I, Series III and IV, is, therefore, not in itself inconsistent 
with the proposed hypothesis. However, the fact that the isotope levels 
in the corresponding succinate were no higher than those of the experi- 
ments in Series I and II and that the rate of fumarate labeling was constant 
with time and thus independent of the concentration of labeled succinate, 
makes it difficult to reconcile the results of Series III and IV with those of 
Series I and II. Nevertheless, even the results summarized in Table I, 
Series III, are in agreement with the proposed scheme in that the bulk of 
the deuterium in the succinate arises directly from the medium and not 
secondarily from labeled fumarate, and that the extent of fumarate label- 
ing depends on the presence of succinate. Thus, in all experiments the 
deuterium content per molecule of fumarate was always less than that of 
succinate and, by comparison of Experiments 4 and 5 (Table I, Series III), 
one notes that the presence of succinate increased the extent of fumarate 
labeling by a factor of approximately 3-fold. The appearance of deuterium 
in fumarate during the anaerobic incubation of normal fumarate alone 
with the enzyme preparation in heavy water (Table I, Series III, Experi- 
ment 5) may possibly reflect a prior net synthesis of small amounts of deu- 
teriosuccinate attributable to traces of reducing substances in this enzyme 
preparation. 

Although, as indicated before, both sets of data obtained in this study 
(z.e. low and high fumarate labeling accompanying succinate labeling) are 
compatible with the proposed scheme, the reasons for the differences in 
behavior of different preparations are elusive and not clear at the present 
time. Nonetheless, there were certain differences in the history and prop- 
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erties of these preparations which appear to be worth noting. Thus, the 
preparations made from relatively fresh tissue showed high succinoxidase 
activity in the presence of fumarate and were only slightly inhibited by 
addition of the latter. These preparations (Table I, Series I and II) ex- 
hibited high rates of deuterium incorporation into succinate with corre- 
spondingly little labeling in the fumarate. On the other hand, prepara- 
tions from tissues stored in the frozen state for periods ranging from 2 to 
33 months were relatively less active with respect to succinate oxidation in 
the presence of fumarate and were inhibited as much as 50 per cent by 
the latter. These same preparations (Table I, Series III and IV) gave 
equal or lower rates of deuterium incorporation into succinate but much 
higher levels of fumarate labeling. One could possibly invoke the presence 
in these latter preparations of an enzyme stimulated by succinate, which 
in some unknown manner introduces deuterium into fumarate, in order to 
explain the two different sets of data obtained in this study. It should be 
noted, however, that such an explanation is presented only as a possible 
means of reconciliation between two sets of data and is completely devoid 
of experimental basis. 

Stereochemistry of Dehydrogenation of Succinate—As pointed out in a pre- 
vious section, on the assumption that the exchange reaction is catalyzed 
by a single enzyme and this same enzyme is concerned in the oxidation of 
succinate to fumarate, the data presented in Table II would indicate that 
during the anaerobic exchange reaction all four hydrogen positions of suc- 
cinate became labeled. This random labeling of succinate has been re- 





H, 
D1aGrRamM 1. Succinic acid model 


ferred to above as resulting from the “non-stereospecific” nature of Equa- 
tions 4 to 7. In order to aid in the discussion of the stereochemistry of 
this process, Diagram 1 accompanying has been reproduced. In this dia- 
gram, the hydrogen atoms marked H, and Hy’ are stereochemically indis- 
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tinguishable. The atoms marked H: and Hy’ are also stereochemically 
indistinguishable. H; or Hy’ is stereochemically readily distinguishable 
from Hz or H:’, e.g. by the following test: When examined from a point 
outside the molecule on the axis joining the methylene carbon atoms, the 
Hi, Hz, and COOH groups attached to the proximal methylene carbon will 
always appear in that order, reading clockwise. Such a test for the asym- 
metry of a carbon atom bearing two like groups has been suggested pre- 
viously by Schwartz and Carter (29). The Ogston (14) test of 3 point 
attachment may also be applied, but is in no way a unique criterion for 
stereochemical asymmetry. 

Whenever dehydrogenation occurs by removal of a pair Hi, Hy’, this is 
stereochemically indistinguishable from removal of the pair H;’, He, and 
there is no enzyme or other device which could make that distinction. On 
the other hand, when dehydrogenation occurs by removal of the pair H,, 
H,’, this is stereochemically readily distinguishable from removal of the 
pair He, H2’, and an enzyme could readily make that distinction. The 
fact that the enzyme studied here does not distinguish between the 4 hy- 
drogen atoms of succinic acid must mean either that (a) the enzyme is 
catalyzing the removal of a pair H,, He’ (= Hy,’, H2), in which case there 
is no chance for selective action on one pair of hydrogens, or that (b) the 
enzyme is catalyzing indiscriminately the removal of either an H,Hy’ or an 
HH,’ pair, in spite of the fact that there is a theoretical possibility for 
selective action. In view of the fact that other enzymes exert stereospeci- 
ficity with respect to methylene hydrogens in all known cases so far studied, 
it would appear more likely that (a) rather than (b) is operative here. 

Thus far, no statement has been made regarding the configuration of 
the carboxyl groups of the succinate or the steric mechanism of the reac- 
tion, since the argument is independent of these considerations. If the 
staggered configuration is assumed, (a) corresponds to a trans elimination 
of 2 hydrogen atoms, H,H2’ (= H,’H:), whereas (b) would correspond to 
the indiscriminate cis elimination of pairs H,H;’ and H2H2’.6 Whether 
(a) or (b) applies, the random labeling in the succinate would appear to 
justify the application of the term ‘“‘non-stereospecific” to the action of the 
enzyme. 

Quantitative Aspects of Rate of Exchange Reaction—Whereas Weinmann 
et al. (2) were able to demonstrate high rates of anaerobic exchange of 
succinate hydrogens with the medium in kidney preparations, and regarded 
the exchange rate as reflecting closely the oxidation rate, other reports, 
including the present one, suggest that the exchange rate is relatively small 
compared with the possible rate of succinate oxidation. Erlenmeyer et al. 


5 The authors are grateful to Dr. Harvey F. Fisher for bringing these considera- 


tions to our attention. 
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(3) incubated deuteriosuccinate anaerobically with a concentrated beef 
muscle paste, and under such conditions oxidized the succinate by the drop- 
wise addition of methylene blue over a period of 6 hours. The fumarate 
formed as well as the unchanged succinate showed an approximately 20 
per cent higher hydrogen to deuterium ratio than the initial succinate. 
The extent of exchange obtained by them, in the presence of continually 
formed fumarate, closely corresponds to the values obtained in the present 
study when succinate and fumarate were incubated together. Even with 
the 14- to 15-fold stimulatory effect of fumarate, the extent of deuterium 
incorporation into succinate does not approach the values obtained by 
Weinmann et al. (2). Nevertheless, the observed exchange rates are highly 
significant and readily measurable by the techniques described herein. 

However, difficulties in demonstrating with certainty deuterium ex- 
change into succinate as catalyzed by succinic dehydrogenase preparations 
have been experienced by Geib and Bonhoeffer (30). Although these au- 
thors mention their repeated attempts under varying conditions to demon- 
strate such an exchange reaction, no data are presented nor any descrip- 
tion of the various experimental conditions employed. More recently, 
Swim and Krampitz (31), in attempting to ascertain the quantitative 
significance of the tricarboxylic acid cycle in Escherichia coli, studied the 
anaerobic oxidation of acetate in the presence of fumarate added as an 
oxidant. Under these conditions, experiments with acetate-1-C' showed 
that most of the isotope was located in the succinate and that the residual 
fumarate as well as respiratory carbon dioxide were essentially unlabeled. 
Although these results may seem to contradict the present interpretation 
of the anaerobic exchange reaction, as based on the stimulatory effects of 
added fumarate, one should take into consideration the increased com- 
plexity of the electron transfer reactions which must occur during the 
course of acetate utilization in the EZ. coli system. It is clear that a pref- 
erential oxidation of electron donors other than succinate could explain the 
observed results. 


The authors are indebted to Dr. Theodore Enns of The Johns Hopkins 
University School of Medicine, working under Veterans Administration 
contract No. V1001-M527, for his kind cooperation in carrying out the 
deuterium analyses. 


SUMMARY 


1. Heart particle preparations catalyze a slow anaerobic exchange of 
deuterium from water into succinate. The rate of this exchange reaction 
is extremely slow compared to the rate of theoretical aerobic oxidation and 
is stimulated about 15-fold by the addition of fumarate. 





1034 SUCCINIC DEHYDROGENASE MECHANISM 


2. The deuterium appearing in the succinate arises directly from the 
medium and not secondarily from labeled fumarate. 

3. Equilibration of fumarate with malate in D,O by fumarase does not 
lead to appreciable fumarate labeling, thus indicating a stereospecific be- 
havior of fumarase, in agreement with the conclusions of Fisher et al. 

4. Deuteriosuccinate obtained by the anaerobic enzymatic exchange re- 
action, when oxidized aerobically by the same enzyme preparation, yields 
fumarate which retains half the isotope content (as atoms D per molecule) 
found in the original succinate. These results are discussed in terms of 
the stereochemistry of the succinic dehydrogenase reaction, and it is sug- 
gested that the term “non-stereospecific” be applied to the action of the 
enzyme in this case. 


BIBLIOGRAPHY 


1. Slater, E. C., Biochem. J., 46, 484 (1950). 
2. Weinmann, E. O., Morehouse, M. G., and Winzler, R. J., J. Biol. Chem., 168, 
717 (1947). 
3. Erlenmeyer, H., Schoenauer, W., and Sullmann, H., Helv. chim. acta, 19, 1376 
(1936). 
4, Fisher, H. F., Frieden, C., McKee, J. S. M., and Alberty, R. A., J. Am. Chem. 
Soc., 77, 4436 (1955). 
5. Englard, 8., and Colowick, 8. P., Science, 121, 866 (1955). 
6. Slater, E. C., Biochem. J., 45, 1 (1949). 
7. Racker, E., Biochim. et biophys. acta, 4, 211 (1950). 
8. Busch, H., Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 196, 717 (1952). 
9. Benson, A. A., Bassham, J. A., Calvin, M., Goodale, T. C., Haas, V. A., and 
Stepka, W., J. Am. Chem. Soc., 72, 1710 (1950). 
10. Lugg, J. W. H., and Overell, B. T., Australian J. Scient. Res., Series A, 1, 98 
(1948). 
11. Loewus, F. A., Tchen, T. T., and Vennesland, B., J. Biol. Chem., 212, 787 (1955). 
12. Dakin, H. D., J. Biol. Chem., 59, 7 (1924). 
13. Ratner, 8., and Pappas, A., J. Biol. Chem., 179, 1183 (1949). 
14, Ogston, A. G., Nature, 162, 963 (1948). 
15. Potter, V. R., and Heidelberger, C., Nature 164, 180 (1949). 
16. Lorber, V., Utter, M. F., Rudney, H., and Cook, M., J. Biol. Chem., 185, 689 
(1950). 
17. Fisher, H. F., Conn, E. E., Vennesland, B., and Westheimer, F. H., J. Biol. Chem., 
202, 687 (1953). 
18. Loewus, F. A., Ofner, P., Fisher, H. F., Westheimer, F. H., and Vennesland, B., 
J. Biol. Chem., 202, 699 (1953). 
19. Talalay, P., Loewus, F. A., and Vennesland, B., J. Biol. Chem., 212, 801 (1955). 
20. San Pietro, A., Kaplan, N. O., and Colowick, 8. P., J. Biol. Chem., 212, 941 (1955). 
21. Loewus, F. A., Westheimer, F. H., and Vennesland, B., J. Am. Chem. Soc., 76, 
5018 (1953). 
22. Thorn, M. B., Biochem. J., 49, 602 (1951). 
23. Colowick, S. P., Kalckar, H. M., and Cori, C. F., J. Biol. Chem., 187, 343 (1941). 





2SRBRBNRRE 





2FSSRsNseRre 


S$. ENGLARD AND 8. P. COLOWICK 1035 


. Colowick, S. P., Welch, M. S., and Cori, C. F., J. Biol. Chem., 138, 359 (1940). 

. Fischer, F. G., and Eysenbach, H., Ann. Chem., 580, 99 (1937). 

. Fischer, F. G., Roedig, A., and Rauch, K., Naturwissenschaften, 27, 197 (1939). 
. Fischer, F. G., Roedig, A., and Rauch, K., Ann. Chem., 552, 203 (1942). 

. Massey, V., Singer, T. P., and Kearney, E. B., Federation Proc., 16, 310 (1956). 

. Schwartz, P., and Carter, H. E., Proc. Nat. Acad. Sc., 40, 499 (1954). 

. Geib, K. H., and Bonhoeffer, K. F., Z. physik. Chem., Abt. A, 176, 459 (1935-36). 
. Swim, H. E., and Krampitz, L. O., J. Bact., 67, 426 (1954). 





zyI 
ing 
est 
am 
ma 
of : 
the 
nin 
hav 
the 


este 
The 
has 
z0y 


ysis 
and 
link 


tall; 
peri 
the 
drie 


hyd 
pen 
of ¢ 
and 








XUM 





THIOLESTERASE ACTIVITY OF PAPAIN* 


By ROBERT B. JOHNSTON 


(From the Department of Chemistry and Chemical Engineering, 
University of Nebraska, Lincoln, Nebraska) 


(Received for publication, January 30, 1956) 


Recently it has been clearly shown that certain of the proteolytic en- 
zymes, especially those of the gastrointestinal tract, are capable of catalyz- 
ing the hydrolysis of the carboxyl carbon-oxygen bond of acylamino acid 
esters as well as the carboxyl carbon-nitrogen bond of peptides and acyl- 
amino acid amides (2-5). The only indication that proteolytic enzymes 
may catalyze the hydrolysis of the analogous carboxyl carbon-sulfur bond 
of acylamino acid thiol esters has been the report of Goldenberg et al. that 
the odor of ethyl mercaptan can be detected when acetylphenyl-p1-ala- 
nine thiol ethyl ester is incubated with chymotrypsin (6). Strecker et al. 
have demonstrated that extracts of ox brain will catalyze the hydrolysis of 
the thiol ester linkage of S-alanylglutathione (7). In this case it has not 
been established whether the thiolesterase of ox brain is specific for the thiol 
ester linkage or can also split the corresponding oxygen esters and amides. 
The thiolesterase activity of the plant proteolytic enzymes such as papain 
has not been investigated. Previous experiments have shown that ben- 
zoylglycinamide is an active synthetic substrate for papain (8). The ex- 
periments reported here demonstrate that papain also catalyzes the hydrol- 
ysis of the thiol ester linkage of benzoylglycine thiol ethyl ester (BGTEE) 
and benzoylglycine thiol isopropyl ester (BGTIPE) and the oxygen ester 
linkage of benzoylglycine ethyl ester (BGEE). 


EXPERIMENTAL 
Materials 


Papain—The crystalline papain employed in these experiments was crys- 
talline mercuripapain kindly supplied by Dr. Emil Smith (9). In the ex- 
periments in which there is no indication that crystalline papain was used, 
the papain employed was prepared according to Grassmann (10) from crude 
dried papaya latex obtained from the Wallerstein Laboratories. 

Benzoylglycinamide—This compound was prepared by the mixed an- 
hydride method of Boissonnas (11). 18 gm. of hippuric acid were sus- 
pended in 120 ml. of dry methylene chloride and cooled to —10°. 14.2 ml. 
of cold dry triethylamine were added, and 9.6 ml. of ethyl chlorocarbonate, 
and the reaction mixture allowed to stand at —10° for 10 minutes. Am- 


* An abstract of a preliminary report of this work has been published (1). 
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monia gas was passed into the solution of the anhydride. After standing 
for 3 hours at room temperature, the solvent and excess ammonia were re- 
moved under a vacuum and the residue was recrystallized twice from water, 
Yield 12.8 gm., m.p., 185-186°. 


CoHi002N2 (178.2). Calculated, N 15.72; found, N 15.83, 15.77 


Benzoylglycine Ethyl Ester—28 gm. of glycine ethyl ester hydrochloride 
were suspended in 200 ml. of methylene chloride. The suspension was 
cooled to —5°. 50.6 gm. of triethylamine were added. While stirring, 
31 gm. of benzoyl chloride were added dropwise. After all of the benzoyl 
chloride had been added, the solution was allowed to come to room tem- 
perature, at which the reaction mixture was stirred for 30 minutes, and the 
triethylamine hydrochloride which precipitated was filtered and washed 
with methylene chloride. After removal of the methylene chloride from 
the combined filtrate and washings by vacuum distillation, the product 
crystallized on standing. The benzoylglycine ethyl ester was recrystal- 
lized from methanol-water and from ethyl acetate-petroleum ether. Yield, 
39 gm., m.p., 59-60°. 


CiuHy03;N (207.2). Calculated, N 6.76; found, N 6.70, 6.76, 6.78 


Benzoylglycine Thiol Ethyl Ester—This compound was prepared essen- 
tially by the method employed by Jeger et al. (12) to prepare the corre- 
sponding methyl] thiol ester. The acid chloride prepared from 40 gm. of 
benzoylglycine was divided into four equal portions and added to four pres- 
sure flasks which contained 50 ml. of anhydrous benzene cooled to —5°, 
13 ml. of practical ethyl mercaptan and 6.1 ml. of pyridine were added to 
each pressure flask. Each flask was stoppered and allowed to come to 
room temperature. After standing for 24 hours at room temperature, the 
contents of each of the flasks were poured into a separatory funnel with the 
aid of 50 ml. of water and 50 ml. of ether. All the flasks were then washed 
with 50 ml. of ether and 50 ml. of water. The washings were added to the 
separatory funnel. The ether phase was removed and the aqueous phase 
extracted twice with 300 ml. of ether. The combined ether extracts were 
washed with cold saturated KHCO; and cold water and dried over anhy- 
drous sodium sulfate. On concentration of the ether solution in vacuum, 
crystallization occurred. Recrystallization from water gave a product 
which melted at 85-86°. 


Cy.Hi;02NS (223.3). Calculated, N 6.27; found, N 6.32, 6.24 


Benzoylglycine Thiol Isopropyl Ester—This compound was prepared with 
similar yields by the method described for the synthesis of thiol ethyl ester, 
except that 14.2 ml. of isopropyl mercaptan were substituted for the ethyl 
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mercaptan. On recrystallization from methanol-water, the product melted 
at 80-81°. 
Cy2Hi;02NS (237.3). Calculated, N 5.90; found, N 5.99, 6.08 
Analytical Methods 


The rate of hydrolysis of the amide was followed by the Conway micro- 
diffusion technique previously described (13). In order to determine the 
rates of hydrolysis of the thiol esters, they were converted into the colored 
iron-hydroxamic acid complex by the procedure employed by Lipmann 
and Tuttle for the determination of acetyl phosphate (14). The colorimet- 
ric measurements were carried out with a Klett colorimeter in a total vol- 
ume of 6 ml., or in a Bausch and Lomb colorimeter in 13 mm. colorimeter 
tubes with a 550 my monochromatic filter and a total volume of 3ml. The 
standard curves for each of the thiol esters are linear up to 10 my per 6 ml. 
The standard curves of BGTEE and BGTIPE possessed identical slopes 
which, for the Klett colorimeter, were 50 scale units per micromole and for 
the Bausch and Lomb instrument 0.135 optical density per micromole. 
The hydroxamic acids of the acylated amino acids are quite unstable in 
strong acid solution and consequently the color developed fades rapidly. 
This is indicated by Fig. 1. The optical density must be determined within 
3 or 4 minutes after acidification in order to obtain reliable values. The 
hydroxamic acids of the acylamino acids are stable at pH 5.4 up to 24 hours. 

The rate of hydrolysis of BGEE was followed by a modification of the 
method of Hestrin (15). In this method the ester is converted to the hy- 
droxamic acid, which is determined as a colored iron-hydroxamic acid com- 
plex. The final volume of the solution analyzed was 3 ml. with the Bausch 
and Lomb colorimeter and 6 ml. with the Klett. The acylated amino acid- 
hydroxamic acids are unstable in alkaline solutions, so that after 6 hours 
appreciable loss of hydroxamic acid has occurred. In order to minimize 
this loss, one-sixth of the final volume of the solution containing 12 per cent 
trichloroacetic acid in 1.67 N HCl was added to the alkaline solution 10 min- 
utes after the sample was added. This reduces the pH to about 5.4, at 
which pH the hydroxamic acid is stable up to 24 hours. Under these con- 
ditions the standard curve for BGEE has a slope of 0.100 optical density 
per micromole when the Bausch and Lomb colorimeter is employed. 


Results 


Since the hippury] derivatives have been shown to be specific substrates 
for a number of proteolytic enzymes (8), the thiol ethyl and the thiol iso- 
propyl esters of benzoylglycine were prepared, and a study of the papain- 
catalyzed hydrolysis of these specific substrates was undertaken. 

The rate of papain-catalyzed hydrolysis of BGTEE is shown in Fig. 2. 
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Papain activated by cysteine or cyanide will catalyze the hydrolysis of the 
BGTEE. In the absence of enzyme and activator, no significant hydrol- 
ysis of the amino acid thiol ester occurs in 2 hours in 40 per cent methanol 
between pH 5.0 and 7.5. However, in the presence of an activator hydrol- 
ysis occurs when the enzyme is absent, as indicated by the lower curves in 


























100 
04 80;-—- 
x 
- 0.3;— o 60;—- 
2 o 
w Fe} 
0.2-- © 40 
7 > 
a 
Oo x 4 
F 4 
6 O1F- 20 
| | ; 
60 120 180 60 120 
MIN. MIN 
Fig. 1 Fig. 2 


Fia. 1. Stability of the benzoylglycine hydroxamic acid-iron complex in acid solu- 
tion. 2.5 umoles of benzoylglycine thiol ethyl ester in 0.5 ml. were added to 0.5 ml. 
of neutralized 2 m hydroxylamine and 0.5 ml. of 0.1 m acetate buffer, pH 5.4. After 
10 minutes, 0.5 ml. of 12 per cent trichloroacetic acid, 0.5 ml. of 4 N HCl, and 0.5 ml. of 
5 per cent FeCl; in 0.1 n HCl were added. The optical density of the solution was 
then determined at the times noted. 

Fig. 2. Hydrolysis of benzoylglycine thiol ethyl ester catalyzed by crystalline 
papain. @, cysteine-activated papain; O, cyanide-activated papain; &, cysteine, 
no enzyme; X, cyanide, no enzyme. The final concentrations of the components of 
the incubation media were BGTEE 0.025 , cysteine 0.025 m or cyanide 0.05 m, Versene 
0.002 m, citrate buffer, pH 5.0, 0.05 m, papain 0.03 mg. of protein N per ml., methanol 
35 per cent; temperature, 37°. 


Fig. 2. This non-enzymatic hydrolysis is related to the nature of the 
activator since the effect is greater with cysteine than with cyanide. Meth- 
anol is added to the components of the reaction media to increase the solu- 
bility of the substrate. 

In a similar manner papain catalyzes the hydrolysis of benzoylglycine 
thiol isopropyl ester, as indicated in Table I. At various levels of enzyme 
concentration the rates of hydrolysis for the two thiol esters are essentially 
the same. The specificity of the enzyme is such that it does not differen- 
tiate between the isopropyl and the ethyl] group of the two thiol esters and, 
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consequently, only the benzoylglycine thiol ethyl ester was employed on 
the subsequent studies. The amount of thiol ester hydrolyzed is a direct 
function of the concentration of the enzyme present within the range of 
enzyme concentrations studied. This indicates that the hydrolysis of the 
thiol ester is a true catalytic property of the papain. Furthermore, the 
enzymatic hydrolysis of the thiol ester does not occur when the papain is 
inactivated by heating for 5 minutes at 100°. 

The effect of variation of pH between pH 5.0 and 7.5 on the enzymatic 
hydrolysis has been studied, and the results of these experiments, given in 
Fig. 3, indicate that the cleavage of the thiol ester bond by the papain is 
quite insensitive to changes in hydrogen ion concentration throughout the 
pH range studied. There is a slight increase in the total hydrolysis of the 


TABLE I 
Relative Rates of Hydrolysis of Benzoylglycine Thiol Ethyl Ester and Benzoylglycine 
Thiol Isopropyl Ester by Papain 
The final concentrations of the components of the incubation media were thiol 
ester, 0.025 m; cysteine, 0.025 m; citrate buffer, pH 5.0, 0.04 m; methanol, 30 per cent; 
temperature, 37°. 








Enzyme concentration eee rr ester mee agornet 
mg. N per ml. pmoles per ml. per hr. pmoles per ml. per hr. 
0.1 20.5 25.0 
0.02 11.5 12.0 
0.01 9.5 9.5 
0.00 5.0 6.5 











thiol ester at pH 7.0 and 7.5, but this increase is due to the increase in the 
non-enzymatic hydrolysis at the higher pH values. A similar broad pH 
optimum has been observed by Kimmel and Smith in the papain-catalyzed 
hydrolysis of benzoylargininamide (9). The observation that the hydrol- 
ysis of the thiol ester and the amide show similar pH effects suggests that the 
catalysis of the two distinct substrates by the enzyme may follow the same 
general mechanism. 

The basic requirements for the enzymatic hydrolysis of the thiol ester 
at pH 5.0 are shown in Fig. 4. Kimmel and Smith reported that crystal- 
line mercuripapain required both Versene and an activator such as cyanide 
or cysteine to catalyze the hydrolysis of benzoylargininamide. As indi- 
cated in Fig. 4, the hydrolysis of the thiol esters requires neither activator 
nor Versene for maximal enzymatic activity. 

In the case of the hydrolysis of the thiol esters at pH 5.0, the enzyme ap- 
pears to be activated by either the mercaptan, which is formed as a product 
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of the hydrolysis, or by the direct action of the thiol ester on the enzyme, 
Citrate has a marked stimulatory effect upon the thiolesterase activity of 
papain. 

The requirements and effect of the activators at pH 7.5 are considerably 
different from those observed at pH 5.0. At pH 5.0, an activator is not 
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Fic. 3. Effect of pH on the hydrolysis of benzoylglycine thiol ethyl ester by pa- 
pain. @, complete system; O, no enzyme; @, corrected for non-enzymatic hydrol- 
ysis. The final concentrations of the components of the incubation media were 
BGTEE 0.025 m, HCN 0.05 M, citrate-phosphate buffer, 0.05 m, papain 0.057 mg. of 
protein N per ml., methanol 30 per cent; temperature, 37°. The hydrolysis is ex- 
pressed in micromoles per ml. per 30 minutes. 

Fie. 4. Requirements for the hydrolysis of benzoylglycine thiol ethyl ester by 
crystalline papain. O, complete system; @, no cyanide; X, no Versene; and @, ace- 
tate buffer, replacing the citrate buffer. The final concentrations of the components 
of the complete incubation media were BGTEE 0.025 m, cyanide 0.05 m, Ver- 
sene 0.002 m, citrate buffer, pH 5.0, 0.05 m, papain 0.015 mg. of protein N per ml., and 
methanol 35 per cent; temperature, 37°. Hydrolysis is expressed in micromoles per 
ml. of incubation solution. 


required for optimal thiolesterase activity of papain. At pH 7.5 cya- 
nide shows a definite activating effect on the enzyme, as is seen in Fig. 5. 
This might be expected, since it is known that the activation of papain 
requires higher concentrations of the activator at pH 7.5 than at pH 5.0 
(13). It is interesting that cysteine, which is commonly employed as an 
activator for papain, cannot be employed conveniently at pH 7.5 to activate 
the enzyme when a thiol ester is the substrate, since at this pH value there 
is a rapid non-enzymatic reaction between the thiol ester and the cysteine 
which results in the disappearance of hydroxamic acid-forming substances. 
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Fig. 5. Effect of activators on the hydrolysis of benzoylglycine thiol ethyl ester 
by papain at pH 7.5. @, complete system cysteine activation; @, no enzyme cys- 
teine activation; O, complete system cyanide activation; X, no enzyme cyanide ac- 
tivation; 0, no activator. The final concentrations of the components of the incuba- 
tion media were BGTEE 0.025 m, phosphate-citrate buffer, pH 7.5, 0.05 m, papain 0.06 
mg. of protein N per ml., and methanol 30 per cent; temperature, 37°. 
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1ces. mg. of protein N per ml., and methanol 35 per cent; temperature, 37°. 
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This reaction is complete in about 15 minutes, as indicated by the broken 
lines in Fig. 5. The non-enzymatic reaction of the thiol ester and the cys- 
teine appears to be the result of a sulfur to sulfur transfer of the acylamino 
acid group from the thiol ethyl ester to the thiol group of cysteine. Under 
neutral or slightly alkaline conditions the S-acyl cysteine which forms may 
undergo rearrangement, resulting in the transfer of the acyl group to the 
nitrogen of the cysteine. The non-enzymatic reaction results in the forma- 
tion of N-acyl cysteine which does not give a hydroxamic acid under the 
conditions of analysis. Analogous reactions of thiol esters with cysteine 


TaBLeE II 
Relative Rates of Hydrolysis of Benzoylglycinamide, Benzoylglycine Ethyl Ester, and 
Benzoylglycine Thiol Ethyl Ester by Papain 
The final concentrations of the components of the incubation media were sub- 


strate 0.025 m, HCN 0.05 m, citrate-phosphate buffer 0.05 m, methanol 30 per cent. 
Incubation for 1 hour at 37°. 











Hydrolysis 
Protein. 

concentration Per mg. 
Total | protein N 

mg. N per ml. pmoles pmoles 

At pH 5.0 | Benzoylglycinamide.............. 0.82 10.2 12.4 
Benzoylglycine ethyl ester........ 0.205 8.0 39.0 

vig thiol ethyl ester.... 0.057 16.0 280.0 

At pH 7.5 | Benzoylglycinamide................ 0.82 10.7 13.5 
Benzoylglycine ethyl ester........ 0.205 11.0 54.0 

ss thiol ethyl ester.... 0.057 16.0 280.0 

















in neutral or alkaline conditions have been described by Wieland et al. (16) 
and Strecker et al. (6). 

The hydrolysis of BGTEE at pH 5.0 by papain follows first order kinetics. 
This is illustrated in Fig. 6. The proteolytic coefficient (17) at pH 5.0 for 
cysteine-activated hydrolysis was 0.72, and for the cyanide-activated hy- 
drolysis 0.46. The higher proteolytic coefficient in the case of the cysteine- 
activated hydrolysis may be due to the increased non-enzymatic hydrolysis 
of the thiol ester in the presence of cysteine. The thiol esters are active 
substrates for papain. The proteolytic coefficient of the most active sub- 
strates for crystalline papain such as benzoyl argininamide is about 1.2 (9). 

A comparison of the thiolesterase, oxygen esterase, and amidase activ- 
ities of the enzyme was made by observing the rates of papain-catalyzed 
hydrolysis of BGTEE, BGEE, and BGA under identical conditions. The 
rates of hydrolysis at pH 5.0 and 7.5 are shown in Table II. At both pH 
values studied the rate of enzymatic hydrolysis of the oxygen ester is about 
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three times faster than that of the amide. The thiol ester is hydrolyzed by 
the enzyme about seven times faster than the corresponding oxygen ester 
or about twenty-one times faster than the amide. This is the first report 
that benzoylglycine ethyl ester can be hydrolyzed by papain. 


DISCUSSION 


The results reported here establish that thiol ester derivatives of amino 
acids are rapidly hydrolyzed by the intracellular proteinase, papain. Since 
the chemistry and metabolism of the thiol esters of amino acids have not 
been extensively investigated, it is too early to decide whether the thiol 
ester may be a physiological substrate for the enzyme or whether the hy- 
drolysis of the thiol ester is a non-physiological extension of the specificity 
of the enzyme. It is possible that thiol esters of amino acids may be a bio- 
logically important class of substances, since these compounds possess an 
activated carboxyl group and could conceivably have a physiological func- 
tion in the biological formation of peptide bonds (7). Although at the 
present time no such specific metabolic réle can be assigned to the thiol 
esters of amino acids, the observations reported here certainly suggest that 
the thiol esters of amino acids may have some specific function. 


SUMMARY 


Papain exhibits a powerful thiolesterase action of the thiol ethyl and thiol 
isopropyl esters of hippuric acid. The thiol esters are hydrolyzed about 
seven times faster than the oxygen ester and about twenty-one times faster 
than the amide. The enzymatic hydrolysis of the thiol ester by papain is 
relatively insensitive to pH between pH 5.0 and 7.5. At pH 5.0 an acti- 
vator is not required, but at pH 7.5 an activator must be added for optimal 
enzymatic action. At pH 7.5 there is a non-enzymatic reaction between 
the thiol ester and cysteine. In addition to the thiol esters, benzoylgycine 
ethyl ester is also reported as a new substrate for papain. 
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THE REDUCTION OF METHEMOGLOBIN BY PHENYL- 
HYDRAZINE UNDER ANAEROBIC 
CONDITIONS* 


By H. H. ROSTORFER{ ano JOHN R. TOTTER 
(From the Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee) 


(Received for publication, November 4, 1955) 


Phenylhydrazine and oxyhemoglobin react to form methemoglobin, ni- 
trogen, benzene, and a green pigment (1). Subsequently, any excess phen- 
ylhydrazine reduces methemoglobin to hemoglobin. The amount of met- 
hemoglobin present at the end of the complex reactions of phenylhydrazine 
with oxyhemoglobin therefore depends on the relative concentrations of 
the two reactants, the relative velocities of the reaction which forms met- 
hemoglobin, and the reaction which reduces it. 

This study is concerned with the reduction of methemoglobin by phen- 
ylhydrazine under anaerobic conditions. Data are presented on the rela- 
tion between methemoglobin reduced and nitrogen and benzene formed and 
on the apparent velocity of the reduction. 


EXPERIMENTAL 


Anaerobic Conditions—Because the reaction of phenylhydrazine and oxy- 
hemoglobin results in the formation of Nz and benzene, it is necessary to 
exclude oxygen rigidly in order to study the reduction of methemoglobin 
by phenylhydrazine. This was accomplished in the experiments reported 
here by using high purity nitrogen! and chromous sulfate (2). Chromous 
sulfate was prepared by reducing chromic sulfate in a Jones reductor. War- 
burg flasks in which the reaction was to be carried out were flushed with 
N: which had been passed through chromous sulfate. Then 0.2 ml. of 1 N 
chromous sulfate solution was placed in one side arm and the flask was 
again flushed with Ne. The CO used to measure the reduction of met- 
hemoglobin was passed through mineral oil to remove organic impurities 
absorbing in the ultraviolet; a KOH solution and a chromous sulfate solu- 
tion were employed to remove CO, and Oz, respectively. Flasks thus 
gassed were shaken for 15 minutes before the control period started in order 
that the last traces of O2. could be removed by the chromous sulfate. 

Preparations of Methemoglobin Solutions—Methemoglobin was prepared 

* Work performed under contract No. W-7405-eng-26 for the Atomic Energy Com- 
mission. 

tT On leave from Indiana University. 

1 Obtained from the Linde Air Products Company. 
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from avian or bovine blood by treating the thoroughly washed red cells 
with 0.0046 m NaNO; for 30 minutes. The cells were centrifuged, washed 
four times with saline, laked in distilled water, and centrifuged, and the 
supernatant fluid was brought to a convenient methemoglobin concentra- 
tion. The methemoglobin concentration was estimated by (1) spectro- 
graphic analysis with the use of extinction coefficients or, more simply, (2) 
by reducing the methemoglobin with dithionite in the presence of CO in 
Warburg vessels. Runs on aliquots of the same sample showed the results 
of the methods to be in good agreement. The methemoglobin solutions 
were quite stable for several days when stored at 4°. 

Phenylhydrazine Hydrochloride—Phenylhydrazine hydrochloride was re- 
crystallized from alcohol. Nitrogen content was determined by applying 
the Van Slyke manometric technique to the method of Chattaway (3), 
wherein phenylhydrazine is oxidized by chromic acid under vacuxm in the 
extraction chamber of the Van Slyke apparatus and the evolved N; is meas- 
ured. The evolved N, agreed, within experimental limits, with the theo- 
retical values. The recrystallized compound remained quite stable for 
months when stored in air-tight brown glass bottles. 

A few minutes before use, solutions of phenylhydrazine were made up and 
adjusted to pH 7.2 with NaOH. If gassed with N» and stored at 4°, such 
solutions are stable for several hours. The nitrogen content of the phen- 
ylhydrazine used in each run was determined by oxidation with chromic 
acid under anaerobic conditions in the Warburg apparatus. The evolved 
Nz was measured in the usual manner. The results from this procedure 
were in good agreement with those of the Chattaway method (3). 

Measurement of Nz Evolved in Reduction of Methemoglobin by Phenylhy- 
drazine—In the reduction of methemoglobin by phenylhydrazine, the meas- 
urement of evolved N2 was carried out under rigidly anaerobic conditions 
in double side arm Warburg vessels containing only N2 in the gas phase. 
The change in volume with time was calculated from the manometric read- 
ings. 20 per cent KOH was present in the center wells. 

Measurement of Methemoglobin Reduction—The measurement of reduc- 
tion was carried out under anaerobic conditions in Warburg flasks contain- 
ing CO or No. At zero time, a known amount of phenylhydrazine was 
tipped into a known amount of methemoglobin in companion flasks, one of 
which contained CO and the other N; in the gas phase. Since, in the pres- 
ence of CO, two gas exchanges took place simultaneously, the amount of 
methemoglobin reduced was calculated by subtracting the microliter change 
in the N; flask from the microliter change in the CO flask. The latter was 
corrected for the uptake of CO by the KOH in the center well (4). 

Benzene Estimation—Spectrographic analysis for benzene was performed 
with the model DU Beckman spectrophotometer equipped with a cell com- 
partment assembly for 100 mm. cylindrical cells with silica windows. 
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Two cells having the lower one-third of the end surfaces masked with 
black tape were flushed for 10 minutes with high purity N. bubbled through 
a 1 N solution of chromous sulfate. 3 ml. of a thoroughly deoxygenated 
methemoglobin solution containing a total of 3.3 umoles of methemoglobin 
were added to each cylinder and the gas spaces again were flushed with 
nitrogen. The cylinders were fitted with glass stoppers with side arm pock- 
ets so that the gas space and the side arm space were continuous. The 
side arms contained chromous sulfate. The thoroughly flushed apparatus 
was allowed to stand for 30 minutes so that the chromous sulfate would 
remove the last traces of O2. At this time, 0.2 ml. of a 0.06 m solution of 
phenylhydrazine which had been thoroughly flushed with nitrogen was 
added beneath the surface of the methemoglobin solution in one of the cyl- 
inders by means of a long needle passed through a vent in the stopper. The 
other cylinder served as a control. 

The absorption in the ultraviolet region by the vapor in the gas phase of 
the experimental cylinder was matched against that of the control, and the 
optical density change at 253 my was followed during the course of the re- 
action. At the end of the experimental period, benzene was identified by 
the typical absorption maxima and minima between 240 and 261 mu. 

Determination of Residual Phenylhydrazine—The Lowry et al. modifica- 
tion (5) of the Folin-Ciocalteu test for phenol was found to be an excellent 
method for quantitative determination of phenylhydrazine, provided that 
no phenol was present. The test was used to determine whether phenol 
was formed in the methemoglobin-phenylhydrazine reaction. 

The contents of a Warburg vessel in which the reduction had been carried 
out under anaerobic conditions were removed by pipette and added to 10 
per cent trichloroacetic acid which had been previously flushed with nitro- 
gen. After centrifugation, 0.4 ml. of the supernatant fluid was used to 
develop the color. Optical density was read in matched tubes on the Klett- 
Summerson colorimeter, and the concentration of the reducing substance 
present was calculated from a standard curve. 


RESULTS AND DISCUSSION 


Relation between N 2 Evolved and Methemoglobin Reduced—When methemo- 
globin reduced by phenylhydrazine is measured by the apparent CO uptake 
and the N2 evolved in companion flasks, the calculated total CO uptake is 
equivalent to the amount of methemoglobin reduced in a given time. The 
N; evolved also bears a stoichiometric relation to the amount of methemo- 
globin reduced. Fig. 1 shows the comparative time-courses of the evolu- 
tion of N, and uptake of CO in an experiment which was not allowed to 
proceed to completion. At first, the evolution of Ne increased more sharply 
than the uptake of CO, but eventually CO uptake became twice the volume 
of the Nz evolved. 
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Data which bear on the relation between N2 evolution and CO uptake 
under conditions of differing concentrations of phenylhydrazine and met. 


280+ 
262 


INITIAL METHEMOGLOBIN ADDED == yl.OF CO 





240- 


No OR CO(yl) 
8.8 8 8 8. 
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TIME (min) 


Fie. 1. Gas changes occurring during reduction of methemoglobin by phenylhy- 
drazine in the presence of CO or N2. The total methemoglobin present was 2.92 
zmoles. 7 wmoles of phenylhydrazine were tipped in. The reaction did not go to 


completion. 


TABLE I 


Relation between Nz Evolved and CO Uptake during Methemoglobin 


Reduction by Phenylhydrazine 


Incubation period, 2 hours. 








ro “ao er lobin a Nievelwed CO uptake 

ul. ul. ul. ul. 
1 262 157 103 214 
2 262 91 83 160 
3 91 154 42 93 
4 91 40 46 91 
5 76 77 34 67 
6 76 154 39 74 

















In Experiments 1, 2, and 5 insufficient time was allowed for the reactions to go to 


completion. 


* CO capacity in microliters equivalent to the methemoglobin added. 
t Total amount of phenylhydrazine nitrogen in microliters added. 


hemoglobin are presented in Table I. In all cases, the volume of CO taken 
up was approximately twice that of the Nz evolved. When the initial 
amount of methemoglobin, expressed as its equivalent CO capacity in mi- 
croliters, exceeded that of phenylhydrazine (Line 2, Table I), the N: evolved 
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was nearly equivalent to the total amount of phenylhydrazine nitrogen 
present initially, although the reaction did not go to completion. Phenyl- 
hydrazine concentration equal to or greater than twice the molar concen- 
tration of methemoglobin resulted in complete reduction of the methemo- 
globin, if sufficient time was allowed for completion of the reaction (Lines 
3,4, and 6, Table I). 

Since the CO uptake was twice the volume of the N; evolved and all of 
the phenylhydrazine nitrogen was evolved when the methemoglobin con- 
centration exceeded that of the phenylhydrazine, the stoichiometry of the 
reactions in the presence of CO can be expressed as follows: 


Hb,t++ + 40H- + 2C,H;NHNH: — 4H,0 + Hb,**+ + 2C.He + 2N2 
Hb,** + 4CO — Hb,**(CO), 


1 mole of methemoglobin is reduced while 2 moles of phenylhydrazine are 
oxidized. In the presence of CO, 2 volumes of CO are taken up for each 
volume of N: evolved. 

Identification of Benzene—A typical benzene ultraviolet absorption spec- 
trum was obtained when light was passed through the vapor above the met- 
hemoglobin-phenylhydrazine reaction medium. The optical density at 
253 my increased to a maximum with time (Fig. 2). If the concentration 
of methemoglobin was varied while the phenylhydrazine concentration re- 
mained constant, the maximal optical density was proportional to the total 
amount of methemoglobin present. When CO was added to the nitrogen 
in the gas phase of the 100 mm. cylindrical spectrophotometer cells, it was 
evident from the color of the solution that most of the methemoglobin had 
been reduced by the phenylhydrazine. To exclude the possibility that 
some residual oxyhemoglobin remained after the hemoglobin solution was 
gassed with Ne, purified CO was added to the gas phase. In the presence 
of CO, the curve for the optical density change at 253 my remained the 
same as that obtained in the presence of Nz alone. To show the effect of 
Os, an experiment was conducted in which the concentration of phenyl- 
hydrazine was doubled and 2 ml. of Og were admitted at the time the max- 
imal density at 253 my was obtained under anaerobic conditions (no CO 
present). A curve representing the results of this experiment superimposed 
(Curve III, Fig. 2) on the anaerobic curve indicates an immediate increase 
in optical density at 253 my following the admission of O2. This marked 
increase was undoubtedly caused by the reaction of the residual phenylhy- 
drazine with oxyhemoglobin formed by the oxygenation of the reduced 
hemoglobin. It has also been demonstrated by Beaven and White (1) that 
benzene is formed when phenylhydrazine reacts with oxyhemoglobin. 

Chemical Estimation of Phenylhydrazine Oxidized—The Lowry et al. mod- 
ification (5) of the Folin-Ciocalteu test for phenol was used to correlate 
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the phenylhydrazine oxidized with the Nz evolved during the reduction of 
methemoglobin. Since the test is positive for both phenol and phenyl. 
hydrazine, it can be used to demonstrate that no phenol is formed during 
the reduction. Table II shows the comparison between the evolved N,, 
expressed as percentage of the total phenylhydrazine nitrogen, and the 
percentage of the phenylhydrazine oxidized, based on the “phenol test.” 
Thus when 7 yumoles of phenylhydrazine were allowed to react with 33 
umoles of oxyhemoglobin, little phenylhydrazine remained. Likewise, 
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Fic. 2. Curve I indicates the rate of the reaction as measured by N2 evolution. 
The increase in optical density at 253 my for the vapor above the methemoglobin- 
phenylhydrazine reaction medium when under strict anaerobic conditions (Curve 
II). O2 admitted to a similar cylinder in the absence of CO at 100 minutes (Curve 
III). 


when the amount of methemoglobin exceeded the amount of phenylhy- 
drazine, the optical density was only slightly above that of the control. 
This not only indicates that practically all of the phenylhydrazine was de- 
stroyed but also that no phenol in addition to benzene was formed. Had 
phenol been the end-product, the optical density would have been as great 
as that obtained for the original unoxidized phenylhydrazine. There was 
usually fair agreement between the phenylhydrazine oxidized, when cal- 
culated from the N: evolved, and that shown to have disappeared by the 
use of the “phenol” test, especially when the 10 per cent trichloroacetic 
acid was bubbled with N: before the reduced hemoglobin-phenylhydrazine 
solution was added. Loss of some phenylhydrazine did occur, however, 
incident to the formation of oxyhemoglobin during the transfer of the re- 
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duced hemoglobin solution from the flask to the trichloroacetic acid. This 
caused the analytical values for residual phenylhydrazine to fall below the 
values calculated from the N: evolved. 

Velocity of Reduction of Methemoglobin by Phenylhydrazine—The velocity 
was calculated from data for the Nz evolved and CO uptake. Fig. 1 is a 


TaB_e II 


Relation between N2 Evolved and Phenylhydrazine Oxidized, Expressed As Percentage 
of Total Initially Present. Molar Equivalence of Methemoglobin Reduced and 
Phenylhydrazine Oxidized 


7 pmoles of phenylhydrazine were added to varied amounts of methemoglobin. 











Phenylhydrazine oxidized 
Methemoglobin reduced 
Calculated from Ne evolved By analysis* 
per cent pmoles per cent pumoles 
56 3.92 62 1.92 
25 1.75 36 0.87 
14 0.98 15 0.52 
83 5.82 93 2.98 











* By the colorimetric method of Folin and Ciocalteu as modified by Lowry et al. 


(5). 


TaBLe III 
Velocity of Methemoglobin Reduction by Phenylhydrazine 


The concentration of phenylhydrazine was 2.3 wmoles per ml. The methemo- 
globin concentration was 0.95 umole per ml. (or 3.8 weq. of Fet**). 








Time Methemoglobin reduced ke 
min. per cent pmole ml.- ml. mole min.) 
5 24.0 0.228 0.010 
10 39.8 0.378 0.010 
15 53.4 0.509 0.009 
30 71.7 0.681 0.008 











plot of the time-course of this gas exchange. There was an initial lag in 
the CO uptake, but eventually the CO uptake equaled twice the volume of 
the N; evolved. Second order kinetics do not exactly describe either the 
N; evolution or the CO uptake. However, an average of the two 
gas changes gives data which are in fair agreement with the kinetics of a 
bimolecular reaction. The average velocity constant (kz) is 0.0093 ml. 
pmole-! min.-!. In Table III, the k, constants and average amount (mi- 
cromoles) of methemoglobin reduced are shown for the first 30 minutes of 
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the reduction. Approximately 24 per cent of the methemoglobin was re- 
duced in 5 minutes when the concentrations of the two reactants were 
nearly equivalent. In ancther experiment in which 2 equivalents of phen- 
ylhydrazine for ea;h equivalent of methemoglobin were present, about 88 
per cent of the netiemoglobin was reduced in 5 minutes. 

These data indicate that the velocity of the reduction of methemoglobin 
is high and methemoglobin formed by an initial reaction of phenylhydrazine 
with oxyhemoglobin would probably be reduced by any residual phenyl- 
hydrazine. 

The reaction of phenylhydrazine with methemoglobin in the absence of 
oxygen resulted in the reduction of methemoglobin to hemoglobin and the 
oxidation of the phenylhydrazine to benzene and nitrogen. When the 
molar concentration of phenylhydrazine present initially was less than 
twice that of methemoglobin, all of the phenylhydrazine was decomposed. 
The ratio of N2 evolved to the CO uptake was 0.5. Therefore, there ap- 
pears to be little possibility that this reaction produces molecules other 
than benzene and nitrogen from the phenylhydrazine. 

In the reaction of phenylhydrazine with oxyhemoglobin, nitrogen is 
evolved. The amount evolved was reported by Nizet (6) to be equivalent 
to the amount of oxyhemoglobin oxygen. These data indicate that the 
amount of N2 depends on the quantity of methemoglobin formed, the 
amount of phenylhydrazine unoxidized, and the time allowed for the re- 
duction of the methemoglobin by the residual phenylhydrazine, since the 
latter reaction also results in the evolution of No. Nizet’s finding, there- 
fore, appears fortuitous. 

The velocity of the reaction is sufficiently high to make possible a rapid 
reduction of the methemoglobin formed when phenylhydrazine reacts with 
oxyhemoglobin. In the presence of atmospheric O2, the reduced hemo- 
globin is reoxygenated and reacts with more phenylhydrazine. Thus the 
reaction of phenylhydrazine with oxyhemoglobin in the presence of oxygen 
and phenylhydrazine is cyclic as long as hemoglobin remains unmodified. 
However, as has been shown by Kiese and Seipelt (7) and Beaven and White 
(1), a green pigment forms during the course of the reaction. This results 
in permanent loss of O.- and CO-combining power. In the absence of oxy- 
gen, the reaction of phenylhydrazine with methemoglobin does not result 
in any loss of CO-combining power and the green pigment is not formed. 
It would appear probable that several moles of phenylhydrazine could be 
decomposed by 1 mole of oxyhemoglobin in the presence of atmospheric 
oxygen but that the reaction is self-limited by the formation of the green 
pigment, and that the eventual total destruction of hemoglobin occurs in 
a manner similar to that reported by Lemberg, Legge, and Lockwood (8) 
in the reaction of oxyhemoglobin and ascorbic acid. 
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SUMMARY 


1. Methemoglobin is reduced by payee with considerable 
velocity under anaerobic conditions. 

2. In the reduction, 1 mole of methemoglobin is rec xed and 2 moles of 
phenylhydrazine are oxidized to 2 moles of benzene and 2 ‘moles of No. 

3. The relatively high velocity of the reduction of methemoglobin by 
phenylhydrazine makes possible a cyclic reaction between oxyhemoglobin 
and phenylhydrazine. 
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BIOSYNTHESIS OF THE PURINES 
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GLYCINAMIDE RIBOTIDE AND (a-N-FORMYL)-GLYCINAMIDE 
RIBOTIDE* 


By STANDISH C. HARTMAN,{ BRUCE LEVENBERG,{ ann 
JOHN M. BUCHANAN 
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The study of the de novo synthesis of the purine ring has been greatly 
facilitated by the complete knowledge of its elementary precursors (2-5) 
and by the finding that the reactions involved are carried out by soluble 
enzyme systems of pigeon liver (6,7). Greenberg (8) has shown that ino- 
sinic acid (IMP) is a precursor of hypoxanthine in this system, indicating 
that ribotide compounds are involved as intermediates in the scheme. The 
recent isolation of two ribotide derivatives of glycinamide (1, 9), which 
are intermediates in the biosynthesis of inosinic acid, suggests that the 
step whereby the ribose is attached occurs early in the sequence of reactions. 

This paper is concerned with the enzymatic preparation of these 
two aliphatic ribotides, glycinamide ribotide (GAR) and (a-N-formy]l)- 
glycinamide ribotide (FGAR), and with the proof of structure of these 
two compounds by chemical analysis. A report is also made of the sub- 
strate requirements for the synthesis of these compounds and for their 
conversion to inosinic acid. It has been found that 5-phosphoribosy] 
pyrophosphate (PRPP) participates as the donor of the ribotidyl moiety 
of these intermediates and that glutamine and adenosine triphosphate 
(ATP) are involved in the synthesis of glycinamide ribotide from glycine. 

The antibiotic, L-azaserine, which exerts an inhibitory effect on the 
growth of Crocker mouse sarcoma 180 (10) and significantly reduces the 
incorporation of C'4-formate in tumor tissues (11), has been shown to have 
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a specific action on the enzymatic system responsible for the synthesis of 
inosinic acid from its precursors. 


EXPERIMENTAL 


Methods—Glycine was determined by the method of Alexander et al. 
(12) after hydrolysis of the aliphatic ribotide in 2.5 n H2SO, for 90 minutes 
at 150°. Formic acid was determined by the method of Grant (13) after 
hydrolysis of the ribotide in 1 nN NaOH for 50 minutes at 100°. Hydrolysis 
of the ribotides in 2 N H»SO, for 90 minutes at 150° quantitatively liberated 
amide nitrogen as NHs3, which was subsequently determined colorimetrically 
with the Nessler reagent. Total nitrogen was determined by the Kjeldahl 
procedure. Inorganic phosphorus was determined by the method of Fiske 
and Subbarow (14). Organic phosphorus was determined by this same 
method after digestion of the sample in 10 N H2SO, for 90 minutes at 150°. 

The orcinol method for the determination of pentose (15) was modified 
to produce equivalent color values for both the standard and unknown 
compounds tested. Although adenosine-5’-phosphate is a suitable stand- 
ard for the analysis of most purine ribonucleotides, it was not satisfactory 
as such for the determination of the pentose of the aliphatic ribotides. 
The rate of color development and the final intensity of the color of adeno- 
sine-5’-phosphate in the orcinol reaction were greater than that shown by 
samples of these ribotides known by other analyses to be of equal concen- 
tration. Hydrolysis of all samples to ribose-5-phosphate in 1.3 n HCl 
for 40 minutes at 100° immediately prior to color development eliminated 
these difficulties. 

Radioactive Assay for Aliphatic Ribotides—The enzymatic reaction was 
stopped by heating the vessels at 100° for 4 minute. The incubation 
mixture was chilled in ice and acidified with 0.05 ml. of 4 Nn HCl. This 
material was placed on a Dowex 50 ammonium column (0.8 X 6.0 em.), 
and the initial eluate was collected in a 10 ml. graduate cylinder. The tube 
was rinsed with 2 ml. of 0.05 m ammonium formate buffer, pH 3.3. These 
washings were passed through the resin and collected together with the 
initial eluate. The resin was then washed further with separate small 
portions of the ammonium formate buffer until a total volume of 6.0 ml. 
was collected. By this procedure, both GAR and FGAR passed through 
the column, but labeled glycine was retained. A suitable aliquot was then 
plated in duplicate, evaporated to dryness under an infra-red lamp, and 
assayed for radioactivity. When a resolution of the two aliphatic ribotides 
was desired, the initial eluate and buffer washes were made strongly alka- 
line with a few drops of 10 n KOH and placed on a Dowex 1 acetate column 
(0.8 X 6.0 cm.). Elution was carried out with 0.05 mM ammonium acetate 
as described in more detail under “Results.” The elution of radioactive 
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GAR and FGAR in the order named was followed by plating of a small 
aliquot from each tube of the eluate. 

Assay for Synthesis of Inosinic Acid de Novo—The method of Schulman, 
Sonne, and Buchanan (7) was employed for the determination of the syn- 
thesis of inosinic acid from labeled elementary precursors or from aliphatic 
ribotide intermediates. 

Materials—PRPP was obtained as the magnesium salt by a slight modi- 
fication of the procedure of Remy, Remy, and Buchanan (16). Barium 
ribose-5-phosphate was obtained by the procedure of Khym, Doherty, and 
Cohn (17). 3-Phosphoglyceric acid was purchased from the Schwarz 
Chemical Laboratories, Inc. The above compounds were all converted 
to their sodium salts either by passage through Dowex 50 sodium or by 
direct metathesis with Na,SOQ,. 1-Azaserine was kindly supplied by Dr. 
A. Moore of Parke, Davis and Company and The Mellon Institute. Crys- 
talline ATP (disodium salt) was obtained from the Pabst Brewing Com- 
pany. L-Glutamine and L-aspartic acid were products of the Mann Re- 
search Laboratories. Glycine-1-C“, HC“OONa, and NaHCO; were pur- 
chased from Tracerlab, Inc. 


RESULTS AND DISCUSSION 


In early attempts to accumulate intermediates concerned with the bio- 
synthesis of inosinic acid de novo, the 0 to 45 per cent ethanol fraction of 
pigeon liver extract was incubated together with substrate quantities of 
the purine elementary precursors, glycine, glutamine, formate, and bi- 
carbonate, as well as ribose-5-phosphate, ATP, and 3-phosphoglyceric acid 
(3-PGA). Aspartic acid, the donor of nitrogen atom 1 of the purine ring 
(5), was omitted to favor the accumulation of possible intermediates. After 
incubation with glycine-1-C™ as the tracer molecule, the reaction mixtures 
were deproteinized and chromatographed on a Dowex 1 chloride column. 
The results of these preliminary experiments indicated the presence of 
radioactive components which were eluted readily with 0.003 n HCl and 
which possessed no selective absorption in the wave-lengths between 230 
and 290 my. At this time it was noted that the antibiotic, L-azaserine, 
exerted a pronounced inhibitory effect on the synthesis of IMP de novo 
(18) and that, concurrent with this inhibition, there was an enhancement 
of the accumulation of the unknown compounds previously mentioned. 
The use of this selective metabolic inhibitor, together with the development 
of an improved method of isolation of the unknown compounds (see below), 
made it possible to obtain these labeled products in sufficient quantity and 
purity to determine their structure and to demonstrate their réle as inter- 
mediates in inosinic acid biosynthesis. 

In the procedure as it was finally developed, the products of reaction 
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were first chromatographed on a Dowex 50 ammonium column and then 
on a Dowex 1 acetate column. In Fig. 1 is presented a chromatogram from 
a column of Dowex | acetate, showing the elution of the two major radio- 
active compounds formed in the presence and absence of azaserine. The 
first component, which was subsequently identified as GAR and which 
could be labeled only from radioactive glycine, was always found in much 
smaller proportions than the second component. This latter compound, 


{_] wITH AZASERINE 
WITHOUT AZASERINE 








°o 4 8 ®@ & 20 24 2 2 
FRACTION 


Fig. 1. Chromatographic separation of aliphatic ribotides; effect of L-azaserine 
on the accumulation of these compounds in vitro. The contents of the first vessel 
were glycine-1-C'* (40 umoles), glutamine (40 umoles), ribose-5-phosphate (40 uzmoles), 
KHCO; (40 umoles), Na formate (40 uwmoles), ATP (4 uwmoles), 3-phosphoglycerate 
(40 wmoles), 150 mg. of 0 to 45 ethanol fraction of pigeon liver extract, 1 ml. of 0.04 m 
phosphate buffer, pH 7.4, containing 10 zmoles of MgCl.. Final volume, 4 ml. The 
contents of the second vessel were the same as the first vessel but with 8 ymoles of 
L(+)-azaserine added. The analysis of the compounds was the same as indicated in 
the text except that resin columns were 12 cm. long instead of 6 cm. 


RADIOACTIVITY IN ALIPHATIC RIBOTIDES 
COUNTS PER MINUTE X 10> PER FRACTION 


which was later identified as FGAR, could be labeled from both radio- 
active glycine and radioactive formate. In some experiments a third 
component could be eluted in small amounts after the GAR and just prior 
to the appearance of the FGAR. This material could also be labeled with 
formate and glycine, and in all probability was another form of FGAR 
which was produced as an artifact in the isolation procedure. 

It may be seen that the accumulation of both compounds is enhanced 
by the presence of L-azaserine. In some experiments the increase in ali- 
phatic ribotides as a result of inclusion of azaserine was 4- to 5-fold, while 
in others the increment was more conservative. This was probably related 
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to the variation of the ability of the uninhibited extracts to synthesize 
inosinic acid from glycine. 

Experiments were carried out to determine whether these compounds 
were intermediates in the biosynthesis of inosinic acid. It is seen in Table 
I that both GAR and FGAR are excellent precursors of IMP in the com- 
plete system, and that the incorporation of their radioactivity into IMP 
was unaffected by the presence of a bank of unlabeled glycine. This 
latter information demonstrated that the compounds were not first de- 
graded to glycine before being utilized for IMP formation. In addition, 


TABLE I 


Comparison of Utilization of Radioactive Glycine and Glycine Derivatives 
for Inosinic Acid Synthesis 











Relative utilization 
tetctens *PSinsinic acd" |, Of substrates for 
c.p.m. per pmole 
soos s5 es wes wayne stipe anayahiss 20.8 1 
Glycinamide ribotide-1-C™...........0.......... 26.9 
” + glycine. . Sdichtan Pelee 4 27.6 1.3 
Formylglycinamide ribotide- 1- cu. Steed: 39.2 
ie MOM as 55 casas cha tend 45.1 2.0 
I Fs bilo casiccaumbaeasnioca waar ses 0.4 0.01 








*See the text. 

All vessels contained L-glutamine (4.5 wmoles) ; L-aspartic acid (5 umoles) ; sodium 
formate (12 wmoles); potassium bicarbonate (24 wmoles); 3-phosphoglyceric acid (6 
pmoles) ; 0.3 ml. of boiled juice and 0.2 ml. of 0.04 m phosphate buffer, pH 7.4, con- 
taining 2 umoles of MgCl:; 0.3 ml. of enzyme (0 to 45 per cent ethanol precipitate) 
equivalent to 0.6 ml. of original pigeon liver extract. The total volume equals 1.0 
ml. All radioactive substrates were added at a level of 0.4umole. When non-radio- 
active glycine was added, it was present in concentrations of 15 umoles per ml. In- 
cubation time, 60 minutes; temperature, 38°. 


chemical degradation of the purine base (19) formed biosynthetically from 
a sample of formyl-labeled FGAR revealed that essentially all the C“ 
was located in carbon atom 8. 

It is of interest that the third compound, which was isolated from the 
chromatogram associated with FGAR as mentioned above, had no activity 
as a substrate for inosinic acid biosynthesis. This is in contrast to results 
obtained by Goldthwait et al. (20), who have isolated a second form of 
FGAR and reported it to have activity in their enzymatic system. The 
non-utilization of this third component as a substrate by our enzymatic 
system might lead one to suspect that it is a product of mutarotation and 
perhaps, therefore, the a form of the ribotide. 
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In the further metabolic reactions of the aliphatic ribotides both gluta- 
mine and aspartic acid were required to convert FGAR to IMP (Table 
II). As seen in the final row of Table II, t-azaserine inhibits the conver- 
sion of FGAR to IMP. This would be expected in view of the fact that 
FGAR accumulated in the presence of this antibiotic during reactions of 
glycine directed toward purine biosynthesis. 


Enzymatic Synthesis and Isolation of FGAR 
Preparation of Enzyme System—Pigeon liver extract was prepared as 


previously described (7). An equal volume of 90 per cent ethanol was 
added to the extract dropwise, the solution stirred at — 18° for 10 minutes, 


TABLE II 


Nitrogenous Substrates Required for Conversion of Formylglycinamide 
Ribotide to Inosinic Acid 














Nitrogenous substrate 
Vessel Azaserine Inosinic acid formed 
Glutamine | Aspartic acid 

pmoles | pmoles pmoles pmole i 
1 0.003 
2 15 0.030 
3 15 0.027 
4 15 15 0.160 
5 15 15 2.8 0.048 














All vessels contained in a final volume of 2.4 ml. sodium formate (30 umoles) ; po- 
tassium bicarbonate (15 wmoles) ; 3-phosphoglyceric acid (15 umoles) ; 0.3 ml. of 0.04 
M phosphate buffer, pH 7.4, containing 3 umoles of MgSQ,; the barium salt of formyl- 
glycinamide ribotide-1-C' (0.4 umole); 0.5 ml. of enzyme (‘0 to 45” ethanol frac- 
tion) equivalent to 1 ml. of original pigeon liver extract. 


and the protein collected by centrifugation. The precipitate was stored 
in this form at —18° and used usually within a week. 

Incubation Procedure—Each vessel contained, in a final volume of 50 
ml., the following quantities of materials expressed in micromoles: gly- 
cine-1-C'4 (225), L-glutamine (240), L-azaserine (72), sodium formate (170), 
sodium 3-phosphoglycerate (720), sodium ribose-5-phosphate (320), potas- 
sium bicarbonate (900), disodium ATP (45), sodium phosphate buffer 
(500), pH 7.4, KCl (2000), MgCl. (160), and the precipitated enzyme 
equivalent to 50 ml. of pigeon liver extract. This reaction mixture was 
incubated for 90 minutes at 37° and then deproteinized with 3 ml. of 30 
per cent trichloroacetic acid (TCA). The precipitate was removed by 
centrifugation. 
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Isolation of FGAR by Chromatography and Purification of Barium Salt— 
The supernatant solution from the deproteinized incubation mixture was 
placed on a Dowex 50 ammonium column (2.5 X 7.5 cm.). The protein 
precipitate was washed with 25 ml. of 0.05 m ammonium formate buffer, 
pH 3.35, and the washings were added to the column. Finally, another 
15 ml. of the buffer were used to wash the column. The above three elu- 
ates, which were combined, contained all the FGAR and practically no 
glycine. 

The solution was then adjusted with 10 Nn KOH to pH 10 and placed 
on a Dowex 1 acetate column (2.5 X 7.5 cm.). The column was then 
eluted with 0.05 m ammonium acetate buffer, pH 5.3. Fractions of 10 
ml. were collected every 15 minutes, and the elution of radioactive com- 
pounds was followed by the method described above. A small amount of 
radioactivity representing the GAR was eluted between 100 and 200 ml., 
while the bulk of the radioactivity, the FGAR, was eluted between 300 
and 500 ml. The eluate containing the FGAR was lyophilized to 10 ml. 

4 volumes of ethanol were added, and the solution was chilled to —15°. 
By a process of fractional precipitation of barium salts, the more insoluble 
phosphate impurities, 7.e. inorganic and ribose-5-phosphate, were pre- 
cipitated and separated by centrifugation from the radioactive material 
(FGAR) which remained in solution. Under the conditions of this prepara- 
tion, 300 uwmoles of barium acetate were initially added and followed by 
smaller portions until the radioactivity just began to precipitate. These 
impurities were removed by centrifugation. 300 umoles of barium acetate 
were then added at — 15° to the clear supernatant solution, and the barium 
salt of FGAR which precipitated was collected by centrifugation. Ap- 
proximately 90 per cent of the radioactivity was recovered in this crude 
barium salt of FGAR. This could be further purified by extraction of the 
precipitate with small amounts of water until the FGAR was all in solution 
and by reprecipitation of the ribotide by addition of 4 volumes of ethanol. 
This material was used for enzymatic studies. The yield was about 60 
umoles. 

However, for material which was used for chemical analysis, a further 
purification procedure was applied to this barium salt. It was dissolved 
in water, made slightly alkaline, and placed on a Dowex 1 acetate column 
(1 X 10 em.). Two radioactive components were eluted with 0.05 m 
ammonium acetate buffer, pH 5.35. The second component, which com- 
prised 90 per cent of the total radioactivity, was collected, lyophilized to 
1 ml., and treated with 35 uwmoles of barium acetate and 4 volumes of 
ethanol. The precipitate was washed with ethanol and ether and dried 
in vacuo. This material was used for the FGAR analysis. 
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Enzymatic Synthesis and Isolation of GAR 


Preparation of Enzyme System—The 0 to 15 per cent ethanol fraction 
of pigeon liver was prepared as previously described. To prepare the 15 
to 30 per cent ethanol fraction, pigeon liver was homogenized in a blendor 
and then centrifuged in the Servall SS-1 centrifuge at 10,000 r.p.m. for 10 
minutes. To the supernatant solution was added 0.2 volume of 90 per 
cent cold ethanol, and the precipitate was removed by centrifugation at 
—7°. To the supernatant solution was added 0.25 volume of 90 per cent 
cold ethanol. The precipitate, which was collected by centrifugation at 
— 18°, was dissolved in a minimal amount of water and lyophilized. This 
“15 to 30” ethanol fraction remains active when stored at —5° for at least 
3 months. To prepare this enzyme for use, 25 mg. of the lyophilized “15 
to 30” ethanol fraction were dissolved per ml. of 0.05 m tris(hydroxy- 
methyl)aminomethane (Tris), pH 8.8, and treated for 1 hour with 25 mg. 
of Dowex 1 chloride resin by stirring at 2°. This treatment removes 
formylation cofactors from the enzyme (9). 

Incubation Procedure—Each vessel contained the following quantities 
of materials expressed as micromoles: glycine-1-C™“ (1000); L-glutamine 
(1000); KHCO; (3000); disodium ATP (600); sodium ribose-5-phosphate 
(600); MgCle (600); KeHPO, (1000); 16 ml. of 0.25 m Tris, pH 8.8; 1500 
mg. of Dowex-treated “15 to 30” ethanol fraction of pigeon liver dissolved 
in 60 ml. of 0.05 m Tris, pH 8.8; 260 mg. of “0 to 15” ethanol fraction of 
pigeon liver dissolved in 20 ml. of 0.05 m Tris, pH 8.8. The total volume 
of the reaction mixture was 140 ml. The vessels were incubated 30 min- 
utes at 37°, chilled, and then deproteinized with 20 ml. of 30 per cent TCA. 
The insoluble material was removed by centrifugation, and the supernatant 
solution used for the isolation of GAR by resin chromatography. 

Isolation of GAR by Chromatography and Purification of Barium Salit— 
The procedure used for the isolation of GAR was essentially identical to 
that employed for FGAR, except in the following details. The dimensions 
of the Dowex 50 ammonium column were 2.5 X 17.5 cm., and those of the 
Dowex 1 acetate column 2.5 X 15 cm. GAR was eluted from the latter 
after 200 ml. of 0.025 m ammonium acetate buffer, pH 5.35, had passed 
through the column. The barium salt of GAR obtained upon precipitation 
by 4 volumes of ethanol from the lyophilized eluate was sufficiently pure 
for use in enzymatic studies. 

However, for analytical studies, further purification’ was necessary. 
20 umoles of the crude barium salt were dissolved in 5 ml. of H.O, made 
alkaline with 2 ml. of 5 n NH,OH, and placed on a Dowex 1 bromide column 
(1 X 10 cm.). The column was washed with water until the effluent was 
neutral and then eluted with 0.001 n HBr. The GAR was located in an 
early fraction which was lyophilized to 1 ml. 40 wmoles of barium bromide 
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and 4 volumes of ethanol were added, and the solution was chilled at — 15° 
overnight. The precipitate which formed was purified by reprecipitation 
as described above and used as such for analyses. 

Chemical Analyses of GAR and FGAR—On the basis of chemical analyses 
to be reported in this section, the following formulas have been considered 
as representing the correct structures of the two compounds isolated as 
barium salts in the enzymatic reactions of pigeon liver. Goldthwait, 
Peabody, and Greenberg (9) have proposed essentially these structures 
from metabolic considerations and from preliminary analytical data. 
They were, however, not able to prepare compounds of sufficient purity 
to obtain chemical analysis of hydrolytic products corresponding with the 
expected theoretical values. Moreover, they have never reported the iso- 
lation of their compounds in solid form to permit estimation of the absolute 
purity of their products or to exclude the presence of undetected groups. 


CH:—NH, 


| 
C 
i," [ on on 
O 


H— oS Se 
H H H H i 
Glycinamide ribotide (GAR) 


CH:—NH—CHO 


Cc 0 
~\  |on on| a 
O NH—C—C—C—C—C—O—PO;Ba 
H H H H H 
(a-N-Formy])-glycinamide ribotide (FGAR) 


In Table III are reported data obtained (a) by the electrometric titra- 
tion of the compounds and (b) by the chemical analysis of specific groups 
produced upon hydrolysis. These data are expressed in terms of the micro- 
moles of substances determined or ionizable groups titrated per given 
quantity of barium salt of the ribotide. When values are converted to 
molecular ratios (glycine taken as unity), it may be seen that the various 
components of each compound are present in the relative amounts expected 
by theory. 

In Table III the quantities of samples used for analysis should have 
contained 2.37 and 2.22 umoles of GAR and FGAR per mg. of barium salt, 
respectively, if the samples weighed had been pure. When comparison 
of these values is made to the other analyses on the compounds, it may be 
seen that GAR and FGAR are about 71 and 85 per cent pure, respectively. 

Other Properties of GAR and FGAR—In addition to the chemical analy- 
ses presented above, several other properties of the compounds support 
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the structural formulas assigned to them. The phosphate group of the 
aliphatic ribotides has the same relative stability toward acid hydrolysis 
as does adenosine-5’-phosphate. This, in addition to the fact that the 
ribose-phosphate moiety is derived metabolically from PRPP (see below), 
is strong evidence that these intermediates are 5-phosphoribosyl compounds, 
That these compounds may be enzymatically converted into inosine-5’- 
phosphate (IMP) is further indication of their structure. 

From a metabolic point of view this phosphoribosyl moiety must be 








TaB_e III 
Analysis of Glycinamide Ribotide (GAR) and Formylglycinamide Ribotide (FGAR) 
Method of analysis* Ba salt of GAR | Molecular ratio |Ba salt of FGAR! Molecular ratio 
pmoles per mg. | (glycine = 1) | wmoles per mg. | (glycine = 1) 

RSE errr 1.67 1.00 1.89 1.00 
ID vise set deat enn essen’ 0.07 2.11 1.11 
CR cp nn eatnrwicds Sevens 1.64 0.98 1.81 0.96 
Organic phosphate........... 1.74 1.04 2.03 1.07 
Inorganic colt Se ee 0.13 0.06 
Total phosphate............... 1.87 2.09 
Acid labile nitrogen............ 1.64 0.98 1.91 1.01 
Total nitrogen................. 3.23 1.93 3.78 1.90 
UNE dil cn accihe Sateen a Weilasheee winds 1.50 0.90 1.83 0.97 
Secondary phosphate hydrogen 

BN ideo ee oli oa av ai ace 1.82 1.06 2.20 1.16 
Amino hydrogen ion......... 1.82 1.06 0.00 0 
Dry weightf.................. 2.37 2.22 

















* See the methods of analysis in ‘‘Experimental.’’ 

t 1 mg. of a pure compound should contain the indicated number of micromoles of 
ribotide. Molecular weight of the barium salt of FGAR equals 450 and of the barium 
salt of GAR equals 422. For analysis of the compounds 2.07 mg. of the barium salt 
of FGAR were dissolved in 4 ml. of water, and 8.18 mg. of the barium salt of GAR 
were dissolved in 5 ml. of water. 


linked to the molecule through a nitrogen atom which eventually becomes 
Ny of the purine ring. Undoubtedly this nitrogen is the one of the two 
nitrogens of either compound which is readily hydrolyzed to ammonia in 
acid or alkaline solution. The lability of this nitrogen atom to acid or 
alkaline hydrolysis suggests that it is present in the molecule in amide 
linkage. 

The fact that FGAR does not react with the Pauly diazo reagent for 
imidazoles is suggestive but not conclusive evidence that it exists in a non- 
cyclized form. It is of further note that these compounds absorb only 
weakly in wave-lengths of light below 230 my and have no significant ab- 
sorption in the higher ultraviolet or visible regions. 
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We have reexamined the problem of the position of the formy! group in 
FGAR. Evidence from experiments in this laboratory demonstrated that 
it is present on the amino nitrogen and not the amide nitrogen, as pre- 
viously reported by Goldthwait et al. (20). This evidence consists of the 
following: (a) In contrast to the report of Goldthwait et al. (20), GAR 
gives a positive ninhydrin color reaction with a color value approximately 
equal to that of glycine when the reaction is carried out according to the 
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Fic. 2. Titration curves of glycinamide ribotide and (a-N-formyl)-glycinamide 
ribotide. (a) 2.31 mg. of the barium salt of purified GAR were dissolved in water 
and placed on a Dowex 50 H* column (0.8 X 2cm.). As determined by radioactive 
measurement, the equivalent of 2.08 mg. of the above material was collected for 
titration with the glass electrode with 0.01409 n NaOH. (6) 1.71 mg. of the barium 
salt of purified FGAR were dissolved in water, placed on a Dowex 50 H* column 
(0.8 X 2cm.), and quantitatively recovered in the effluent. The material in the efflu- 
ent was titrated with the glass electrode with 0.01409 n NaOH. Both curves were 
corrected for the titration of water. 





method of Cocking and Yemm (21). However, FGAR does not give any 
reaction with this reagent. This would be expected if the formyl group is 
present on the amino nitrogen. (b) Studies with paper electrophoresis 
(0.05 mM ammonium acetate, pH 7.0, 90 minutes, 16 volts per cm.) demon- 
strate that FGAR has a mobility twice that of GAR. This again suggests 
that the amino group of FGAR is substituted and hence uncharged. (c) 
The most convincing evidence for this point of view comes, however, from 
titration curves of the purified compounds. As shown in Fig. 2 and in 
Table III, approximately 1 equivalent of hydrogen ion is titrated as the 
secondary hydrogen of phosphate for both compounds. However, only 
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GAR has a group titrating in the vicinity of the amino range, 7.e. pH 8.0, 
According to the determinations shown in Fig. 2, the pK of the secondary 
hydrogen ion of phosphate is 6.05 for GAR and 6.40 for FGAR. The pK 
of the dissociation of hydrogen ion of the amino group of GAR is 8.2. 

The results of the titrations of GAR and FGAR indicate that GAR 
precipitates as the barium salt of the free base rather than as the hydro- 
bromide. Upon passage through Dowex 50 hydrogen form the barium 
salt of FGAR, which has its amino group formylated, yields essentially 2 
equivalents of hydrogen ion which represent the primary and secondary 
phosphate hydrogen ions. In contrast, the barium salt of GAR yields 2 
equivalents of Ht, dissociating at pK 6.1 and 8.2 without any evidence of 
the dissociation of an equivalent of primary phosphate hydrogen. In 
all probability this hydrogen ion was utilized in reaction with the free amino 
group to convert it to the charged form. This evidence of internal neu- 
tralization would require that the barium salt of GAR would have precipi- 
tated as such rather than as the hydrobromide. Insufficient amounts of 
the pure material were available to obtain a bromide analysis. 

Requirements for Synthesis of GAR—Goldthwait, Peabody, and Green- 
berg (9) have described an enzymatic system from pigeon liver in which 
GAR is synthesized from glycine, glutamine, ribose-5-phosphate, and ATP. 
The participation of these substrates in this general reaction has been 
corroborated in this laboratory, and these results extended to determine 
in more detail the mechanism of GAR biosynthesis. The first object of 
these studies was to determine the exact nature of the compound responsible 
for the addition of the phosphoribosyl moiety of glycinamide ribotide. 
Recent work has shown that ATP and ribose-5-phosphate react to form 
PRPP, which may then condense directly with a number of purine (16, 22) 
and pyrimidine (22) bases to form the corresponding ribotides. It was, 
therefore, desirable to test this compound (PRPP) as the effective agent 
in the step at which ribose is attached during purine biosynthesis de novo 
(i.e., the conversion of glycine to glycinamide ribotide). 

Since unfractionated preparations of pigeon liver are capable of convert- 
ing ribose-5-phosphate and ATP to PRPP, it was impossible to determine 
the unique réle of this latter compound in the reaction until the enzyme 
responsible for PRPP synthesis was removed. From previous studies it 
had been shown that this enzyme occurred in a fraction of pigeon liver 
which precipitated below 15 per cent ethanol. Experiments were therefore 
carried out in which a fraction precipitating between 15 and 45 per cent 
ethanol was utilized as the enzyme preparation for the study of the con- 
version of glycine to glycinamide ribotide. The “15 to 45” ethanol fraction 
was relatively free of the PRPP-synthesizing system, but could be still 
further depleted by dialysis of the enzyme system against water and by 
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removal of the precipitate formed. In order to remove nucleotide and 
transformylating cofactors, the enzyme preparation was treated with Norit 
(9). When ribose-5-phosphate and ATP as well as glutamine and glycine 
were used as substrates of the reaction in the presence of this enzyme prepa- 
iation, little or no synthesis of GAR was observed (Table IV). Moreover, 
PRPP could not substitute for ribose-5-phosphate and ATP. Upon re- 
combination of various substrates, however, it was found that good syn- 
thesis could be obtained if both ATP and PRPP were included with glu- 
tamine and glycine. It is, therefore, evident that in the original system 
ATP had a dual réle, one of pyrophosphorylating ribose-5-phosphate and 
a second function which at present is not fully understood. These experi- 








TaBie IV 
Involvement of PRPP and ATP in Synthesis of GAR 
Addition to basic system GAR synthesized 

pmoles 
Na fee Cie ee A ce NLA © siactd ai Seg parten Riva a he 0.00 
Ribose-5-phosphate, 2 wmoles.......................00005 0.02 
ATP, 2 umoles. . Puna 0.04 
Ribose-5-phosphate ie ATP, 2 amoles each. sch acal Gas soak 0.07 
PRPP, 2 umoles.............. itt At & 0.13 
PRPP + ATP, 2 wmoles each...... nary sr 0.43 








The basic system included 5 umoles of glycine-1-C™, 5 wmoles of L-glutamine, 7 
pmoles of NaHCOs, 2 umoles of t-azaserine, 0.3 ml. of 0.03 m phosphate buffer, pH 
7.4, containing 0.13 m KCl and 0.01 m MgCl, and 10 mg. of dialyzed, Norit-treated 
15 to 45 per cent ethanol fraction of pigeon liver extract; incubated 45 minutes at 
38°. 
ments show, however, that PRPP is the active substrate responsible for 
the donation of the phosphoribosyl moiety. Since publication of our pre- 
liminary communication on the réle of PRPP and ATP in this system, 
Goldthwait et al. (23) have confirmed these observations and, further, have 
implicated a réle for 5-phosphoribosylamine in these reactions. 

Glutamine has been shown to be the only compound capable of donating 
the amide nitrogen of GAR. Substitution by other compounds such as 
asparagine, ammonium ions, and aspartic and glutamic acids has been 
tried without success. In a similar manner, glycinamide itself would re- 
place the requirement for neither glutamine nor glycine and in fact is not 
an intermediate in the reaction (18). 


SUMMARY 


Glycinamide ribotide and (a-N-formyl)-glycinamide ribotide, which are 
formed by an enzyme system of pigeon liver synthesizing inosinic acid, 
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have been isolated, purified, and characterized by chemical analysis. Phos. 
phoribosyl pyrophosphate, ATP, and glutamine are involved in the syn- 
thesis of glycinamide ribotide from glycine. Azaserine is a potent inhi- 
bitor of inosinic acid biosynthesis in vitro and results in an increased 
accumulation of these ribotides. 
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THE STRUCTURE OF GLYCINAMIDE RIBOTIDE* 


By RICHARD A. PEABODY,{ DAVID A. GOLDTHWAIT,t} 
AND G. ROBERT GREENBERG 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, November 28, 1955) 


The occurrence of glycinamide ribotide and its formyl derivative and 
the involvement of these compounds in the synthesis of inosinie acid have 
been discussed previously (1-4). This paper describes a method of isolating 
and purifying glycinamide ribotide and presents evidence that it has the 
structure N-glycyl-5-phosphoribofuranosylamine. 


EXPERIMENTAL 


Materials—The pigeon liver extract preparation and the substrates re- 
quired for the synthesis of glycinamide ribotide have been described previ- 
ously (1-4). Intestinal phosphatase, purified grade, was obtained from 
Pentex, Inc., Kankakee, Illinois. Adenosine-5’-phosphate was obtained 
from the Ernst Bischoff Company, Inc., Ivoryton, Connecticut. Aden- 
osine-3’-phosphate was obtained from the Schwarz Laboratories, Inc., New 
York. 

Methods—For paper chromatography Whatman No. 1 paper was washed 
with 2 N acetic acid and then with 10-* m ethylenediamine sodium tetra- 
acetate. The following solvent systems were employed for paper chroma- 
tography (all ratios are in volume proportions): (1) n-butanol-17.6 N acetic 
acid-water (2:1:1), (2) isopropanol-water (70:30) in an atmosphere of 
ammonia (0.35 ml. of concentrated ammonium hydroxide per liter of jar 
volume), (3) propanol-water (70:30), (4) 1.0 m ammonium acetate, pH 
7.5-95 per cent ethanol (30:75), (5) 95 per cent ethanol-0.025 m potassium 
borate, pH 8.2 (60:40), (6) 100 gm. of phenol plus 39.5 gm. of water, (7) 
tertiary amyl alcohol saturated with 0.05 m potassium phthalate, pH 6.0, 
and (8) 1.0 m ammonium acetate, pH 7.5-95 per cent ethanol (30:60). In 


* Supported in part by grants from the Elisabeth Severance Prentiss Fund, the 
United States Public Health Service, and Eli Lilly and Company. This material 
formed a part of the thesis submitted by Richard A. Peabody to Western Reserve 
University in September, 1955, in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 

t+ DuPont Predoctoral Fellow, 1954-55. Present address, Department of Physi- 
ological Chemistry, The Johns Hopkins University, School of Medicine, Baltimore. 

t Oglebay Fellow in Medicine and Biochemistry, 1952-55. 
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the case of Solvent 7, the chromatographic paper was dipped in the potas. 
sium phthalate buffer and dried prior to the application of compounds, 

Radioactive compounds were located on the paper chromatograms with 
an end window monitor. Phosphate compounds were detected with the 
reagent of Isherwood and Hanes (5, 6) by using the ultraviolet irradiation 
procedure of Bandurski and Axelrod (7) to develop the color. Amino acids 
were located by the ninhydrin reagent (0.1 gm. of ninhydrin per 100 ml. of 
n-butanol saturated with 1 per cent acetic acid), reducing sugar by reaction 
with aniline phthalate (8), and non-reducing sugar by the periodate reac- 
tion (9). 

For anion exchange procedures Dowex 1 (4 per cent cross-linked, 250 to 
400 mesh) in the formate, acetate, or chloride form was used. For cation 
exchange procedures Dowex 50 (10 per cent cross-linked, 50 to 100 mesh) 
was used. The radioactivity of fractions eluted from resin columns was 
measured in glass planchets as previously described (2, 3). 

The method of analysis for glycinamide ribotide has been described (2, 3), 
Total nitrogen was estimated by digestion with sulfuric acid and by direct 
nesslerization (10). Ammonia liberated by acid hydrolysis of glycinamide 
ribotide was determined, after diffusion (11), by Nessler’s reagent. Inor- 
ganic phosphate was determined by the Gomori modification (12) of the 
method of Fiske and Subbarow (13). Total phosphate was determined 
after wet ashing with 0.2 ml. of 70 per cent perchloric acid for 30 minutes. 
Pentose was determined by the orcinol method (14) by heating for 45 min- 
utes at 100°, or by measuring the consumption of periodate spectrophoto- 
metrically (15). The adenosine-5’-phosphate used as a standard for the 
orcinol method consumed 1.0 mole of periodate per mole of organic phos- 
phate and had a molecular extinction coefficient at 260 my of 15,800 (16). 
Reducing sugar was determined by the Park and Johnson (17) modification 
of the ferricyanide method of Folin and Malmros (18). Ribose-5-phos- 
phate was used as a standard. Samples which had been hydrolyzed in 
acid were brought to neutrality with NaOH before analysis. Glycine was 
determined by a colorimetric ninhydrin method (19) (Method 1) and 
by a modification of the more specific method of Alexander et al. (20) 
(Method 2) in which formaldehyde is determined directly in the ninhydrin 
reaction mixture... A Beckman DU spectrophotometer was used for all 
colorimetric measurements. 

Preparation of Glycinamide Ribotide—Glycinamide ribotide labeled with 
C™ was synthesized enzymatically by adding the following reagents in a 
final volume of 102 ml.: 3.55 gm. of Dowex 1-treated and dialyzed extract 
of pigeon liver acetone powder (2, 3) as a lyophilized powder, 0.92 mmole of 


1 The authors are grateful to Dr. Lothar Jaenicke, Marburg, Germany, for provid- 
ing us with the details of this procedure before publication. 
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glycine-1-C containing 3 X 10° c.p.m. per mmole, 0.32 mmole of ATP,? 
0.44 mmole of ribose-5-phosphate, 2.48 mmoles of 3-phosphoglycerate, 
0.89 mmole of glutamine, 1.13 mmoles of MgCls, and 3.55 mmoles of Tris 
buffer at pH 8.0. Equal parts of the mixture were transferred to four 125 
ml. Warburg flasks and incubated 33 minutes at 38° under nitrogen. The 
reaction mixture was cooled to 0°, and 20 per cent TCA was added to a final 
concentration of 5 per cent. The resulting precipitate was centrifuged and 
washed three times with a total of 140 ml. of 5 per cent TCA. The super- 
natant solution and the washings were combined, and the TCA was re- 
moved by extraction with ether. The remaining aqueous solution (260 
ml.) was neutralized and assayed for glycinamide ribotide (2, 3). The 
total C“ activity incorporated into the glycinamide ribotide fraction was 
found to be 381,000 c.p.m. or the equivalent of 127 umoles of C'*-glycine. 
Glycinamide ribotide was separated from inorganic phosphate, ATP, and 
PGA by fractionation with barium (2, 3). The solution of glycinamide 
ribotide was adjusted to pH 8.2, and 15.8 ml. of 0.5 m barium acetate solu- 
tion was added. The precipitate was dissolved in 0.1 N hydrochloric acid 
and reprecipitated by addition of dilute ammonium hydroxide. This pro- 
cedure was repeated once. The combined supernatant solutions were ad- 
justed to pH 3 with concentrated formic acid and passed through a column 
of Dowex 50, NH,* resin (1.54 sq. em. X 18.5 cm.). The column was 
washed with 0.03 M ammonium formate at pH 3.4 until orcinol-reacting ma- 
terial no longer was eluted (45 ml.). The washings were combined with the 
main effluent (total volume 440 ml.), and, after neutralization, the solution 
was passed through a column (2.7 sq. cm. X 3.8 em.) of acid-washed Norit 
A charcoal. The charcoal column then was washed with 25 ml. of water, 
and the wash combined with the main effluent. This solution was adjusted 
to pH 9 with ammonium hydroxide, diluted to 2 liters, and passed through 
a Dowex 1 column (0.9 sq. em. X 26 cm., formate form). All of the orcinol- 
reacting material was retained on the column. The compounds were eluted 
with ammonium formate buffers (Fig. 1). The main fraction of radio- 
activity, eluted at pH 6.5, contained 258,000 c.p.m. (85.9 wmoles of gly- 
cinamide ribotide), while a minor fraction which was eluted at pH 4.0 with 
0.1 M ammonium formate solution contained 25,300 counts and corre- 
sponded to formylglycinamide ribotide (1-3). The major component ex- 
hibited a constant ratio of radioactivity to orcinol-reacting material in each 
fraction. This component was lyophilized to dryness to reduce the quan- 
tity of ammonium formate, diluted to 150 ml., adjusted to pH 9 with am- 


2 The following abbreviations are used: AMP-3, adenosine-3’-phosphate; AMP-5, 
adenosine-5’-phosphate; ATP, adenosine-5’-triphosphate; TCA, trichloroacetic acid; 
Tris, tris(hydroxymethyl)aminomethane; DNP, 2,4-dinitrophenyl; FDNB, 1-fluoro- 
2,4-dinitrobenzene; PGA, p-3-phosphoglycerate. 
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Fig. 1. Elution of glycinamide ribotides from Dowex 1 formate column. The 
preparation and prior treatment of glycinamide ribotide are described in the text. 
No additional radioactive compounds were eluted with 1.0 m ammonium formate, 
pH 4.0. 
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Fig. 2. Elution of glycinamide ribotides from Dowex 1 acetate column. The 
glycinamide ribotide used was isolated from the Dowex 1 formate column (see the 
text and Fig. 1). 
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monium hydroxide, and passed through a second Dowex 1 column (acetate 
form, 0.64sq.cm. X 35cm.). The column was eluted as indicated in Fig. 2. 
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At pH 6.7 a partial separation of the major component into two bands of 
radioactivity (A and B) was obtained. Again the ratio of radioactivity to 
pentose concentration in each fraction of these bands was constant. Por- 
tions of the two bands were used for the paper chromatography. The com- 


TaBLeE I 


Paper Chromatography of Glycinamide Ribotides A and B, Related Compounds, 
and Reference Compounds 























Rp of compounds 
Solvent 1|/Solvent 2 wer ae Solvent 4 Solvent 5 Solvent 6 
Glycinamide ribotide A* | 0.15 | 0.53 | 0.15 0.22 0.55T 
- 7 B* | 0.15 0.53 | 0.15 0.22 0.55f 
se “© hy- | 0.38§ | 0.64§ 0.31,§ 0.54|| 
drolyzedt 
Glycinamide riboside 0.269 0.609 ** | 0.77T 
—0.82 
Glycine 0.38 | 0.60 | 0.48** 0.77 | 0.31 
| —0.60 
Ribose-5-phosphate 0.26 | 0.37 | 0.07 0.28 (0.60 | 0.12 
Orthophosphate 0.56 0 | 














* Fractions isolated from Dowex 1 (acetate form) resin (see ‘‘Methods’”’). The 
radioactivity, periodate reaction, ninhydrin reaction (yellow), and organic phos- 
phate all coincided. 

t No periodate reaction because of the borate complex. 

t1N HCl, 2 hours, 100°. 

§ The radioactivity and ninhydrin reaction (blue) coincided. 

|| Pentose-reducing sugar only (apparently ribose). 

{ The radioactivity, ninhydrin color, and periodate reaction of the spot coin- 
cided. 

** The Rr values were variable in this solvent. 


ponent first eluted from the column was designated glycinamide ribotide A 
(Table I). The material represented by band A was adjusted to pH 9, di- 
luted with an equal volume of water, and adsorbed onto a small Dowex 1 
column (chloride form, 0.64 sq. cm. X 2.0cm.). The column was washed 
with 400 ml. of water and then with 15 ml. of 0.03 m NaCl containing 0.01 n 
HCl. 43 umoles of glycinamide ribotide, free of ammonia and acetate, were 
eluted with the NaCl-HCl solution in a volume of 32 ml. This fraction was 
used for the analyses reported in Table II, for the acid hydrolysis studies, 
for the formation of glycinamide riboside and DNP-glycinamide ribotide, 
and for the preparation of the calcium salt of the ribotide. The calcium 
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salt was prepared by adjusting the solution to pH 9, adding an excess of 
CaCl, and precipitating with 4 volumes of ethanol. 

Preparation of Glycinamide Ribotide Derivatives—Glycinamide riboside 
was prepared by the following procedure. 6.2 umoles of glycinamide ribo- 
tide were incubated with 2.0 mg. of intestinal phosphatase and 3.0 ml. of 
0.1 m Tris buffer at pH 8.0 for 80 minutes. A quantitative conversion to 
riboside occurred. After inactivation of the phosphatase by boiling, the 








TaBLe II 
Analysis of Glycinamide Ribotide A 
Component Concentration | Molar ratio* 
pmoles per ml. 
Organic phosphate 1.35 1.00 
Total nitrogen 2.84 2.12 
Acid-labile nitrogenf 1.38 0.99 
Pentose 
By orcinol 0.82 0.59 
‘* periodate consumption 1.35 1.00 
Reducing sugar 
Before hydrolysis 0 0 
After t 1.34 0.99 - 
Glycine 
By Method 1f 1.38 1.02 
e ei, | 1.40 1.04 











All determinations were made in duplicate on the glycinamide ribotide prepara- 
tion described in the text. 

* Calculated to a value of 1.00 for organic phosphate. 

t Sample in nN HCl for 2 hours at 100°. See Fig. 3 for the rate of ammonia libera- 
tion under these conditions. 


¢ Glycinamide ribotide and glycine showed the same molar extinction with the 
Moore and Stein ninhydrin reagent (19). 


solution was adjusted to pH 1.8 and passed through a Dowex 50 column 
(NH4* form, 0.64 sq. em. X 2.0 cm.) to adsorb the glycinamide riboside, 
The column was washed with water and with 0.01 n HCl, and then the gly- 
cinamide riboside was eluted with 0.03 m ammonium hydroxide. This 
fraction was lyophilized to dryness and taken up in water. 
DNP-glycinamide ribotide was formed by reaction of the C"-labeled 
glycinamide ribotide with 0.02 m 1-fluoro-2,4-dinitrobenzene in 0.05 m 
KHCO; and 25 per cent ethanol for 1 hour at 38° (21). The yellow DNP- 
glycinamide ribotide was separated from the excess reagent (after removal 
of ethanol) by extraction of the FDNB with ether and by paper chroma- 
tography with Solvent 7. In this solvent, DNP-glycinamide ribotide did 
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not migrate from the starting line. FDNB migrated to R, 0.70 and au- 
thentic DNP-glycine to R, 0.31. 

Formylglycinamide ribotide was prepared by formylation of glycinamide 
ribotide at 45° by the procedure of Flynn et al. (22). 


Results 


Chromatographic Behavior of Glycinamide Ribotide and of Its Hydrolytic 
Products—Paper chromatographic studies, summarized in Table I, demon- 
strated that glycinamide ribotides A and B migrated as single compounds 
in five different solvents. The location of the radioactivity, non-reducing 
sugar, ninhydrin-reacting material, and organic phosphate all coincided. 
Glycine was the only amino acid liberated on acid hydrolysis as determined 
by paper chromatography (Table I). 

Analysis of Glycinamide Ribotide—The calcium salt of glycinamide ribo- 
tide was analyzed for carbon, hydrogen, and ignited residue. The results 
of the analysis corresponded to the empirical formula: 


C7Hi30sN2PCa-}Ca(OH). (358). Calculated. C 23.3, H 3.88 
Found. *¢ 33.12, ** 3.79 
Residue (CazP.0; + CaO + H.O). Calculated, 44.3; found, 44.43 


The molar ratios of different moieties of glycinamide ribotide compared 
to organic phosphate are shown in Table II. These data are for the gly- 
cinamide ribotide sample from which the calcium salt was prepared. These 
ratios may be summarized as follows: organic phosphate-total nitrogen- 
acid-labile nitrogen-pentose (by periodate method) 1:2:1:1. It is not 
clear why the orcinol method gave low values for the pentose. Prior hy- 
drolysis of the compound for 40 minutes with 1.5 n HCl or heating with the 
orcinol reagent for 90 minutes did not increase the color. Ribose-5-phos- 
phate gave the same color value as AMP-5. 

On acid hydrolysis (1 N HCl, 2 hours, 100°) 1 mole of glycine was liber- 
ated per mole of organic phosphate. Glycine was identified by its migra- 
tion on paper in three different solvent systems and by its degradation to 
formaldehyde by the ninhydrin reaction (20). Acid hydrolysis liberated 1 
mole of reducing sugar and 1 mole of NH; per mole of organic phosphate. 
The rate of liberation of NH; is shown in Fig. 3. 2 hours were required 
for complete hydrolysis.‘ 

The organic phosphate of glycinamide ribotide was slowly hydrolyzed by 


‘This analysis was made by the Huffman Microanalytical Laboratories, Wheat- 
ridge, Colorado. 

‘The slow rate of hydrolysis suggests that the glycosidic linkage in glycinamide 
ribotide is more stable than that of AMP-5 which, under the same conditions, is 
hydrolyzed quantitatively to adenine and ribose-5-phosphate in 30 minutes. 
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i 
heating with acid (Fig. 4). The rate of liberation of this phosphate is con- I 
sistent only with a 5-phosphate ester (23, 24). ; 
Derivatives of Glycinamide Ribotide—The dinitrophenyl derivative of ' 
C-glycinamide ribotide migrated as a single component in Solvents 7 and ’ 
8. The C" activity and the color of the derivative were superimposed in 
each solvent. The Rr value of DNP-glycinamide ribotide in Solvent 8 
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was 0.39, while that of DNP-glycine was 0.68. In 1.4 per cent NaHCO; 
solution the DNP-ribotide, purified by paper chromatography, exhibited 
a maximal molar extinction coefficient of 15,000 between 350 and 355 muy, 
based on the organic phosphate analysis. DNP-glycine shows an E459 of 
15,500 (25). 

Glycinamide riboside migrated as a single component in each of three 
solvents (Table I). The position of the non-reducing sugar and the nin- 
hydrin-reacting material corresponded exactly to the radioactivity. Re- 
ducing sugar and free glycine were absent, but by acid hydrolysis (1 n HCl, 
100°, 2 hours), reducing sugar and glycine were liberated in the ratio 1.12:1. 

Chemical formylation of glycinamide ribotide yielded a compound which 
behaved on an anion exchange column exactly as formylglycinamide ribo- 
tide prepared enzymatically. It was eluted from a Dowex 1 formate col- 
umn by 0.05 mM ammonium formate buffer, pH 5.0, whereas the unformyl- 
ated compound was eluted at pH 6.5 (1-3). 


DISCUSSION 
This aliphatic ribotide precursor of inosinic acid has been assigned the 
following structure: N-glycyl-5-phosphoribofuranosylamine. 
CH:—NH: 
| 
Cc | a 
re coe 


The purity of the isolated compound is based on (1) the good agreement 
of the elemental analysis of the calcium salt with the empirical sormula, 
(2) the analysis of liberated glycine, organic phosphate, pentose, total nitro- 
gen, and acid-labile nitrogen, (3) the chromatographic evidence, and (4) 
the constancy of C™ activity to pentose values in the fractions eluted from 
the Dowex 1 columns. 

Four experimental facts have led to the conclusion that the amino group 
is unsubstituted. First, this compound reacted with ninhydrin to give a 
blue color without decarboxylation of the carbonyl carbon (19). Second, 
dinitrofluorobenzene reacted readily with the compound. Third, the mild 
conditions employed for formylation of the compound would be expected 
to result in substitution of the amino and not the amido nitrogen. Fourth, 
the chemical formylation of the compound yielded a derivative with differ- 
ent charge characteristics. This derivative behaved on anion exchange 
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columns as though it had one more net negative charge than glycinamide 
ribotide and corresponded exactly with enzymatically synthesized formy]- 
glycinamide ribotide (1-3). This could be accounted for only by formyl- 
ation of the amino group. These experiments are in agreement with titra- 
tion studies which show that formylglycinamide ribotide does not have a 
free primary amino group (26). 

Evidence that the amide nitrogen is in glycosyl linkage with the pentose 
is based on several considerations. Acid hydrolysis of the ribotide liber- 
ated, in molar proportions, glycine, NH3, and a reducing group. The rate 
of acid hydrolysis of the compound as measured by ammonia liberation 
(Fig. 3) was slow compared to the rate of hydrolysis of free glycinamide. 
The evidence given for the presence of a free amino group was not consistent 
with a glycosyl linkage to that nitrogen atom. 

Ribose-5-phosphate is a component of the ribotide. Thus the only pen- 
tose compound present on a Dowex 1 borate column after hydrolysis of 
formylglycinamide ribotide was ribose-5-phosphate (1). The rate of acid 
hydrolysis of the phosphate of glycinamide ribotide indicated a 5- rather 
than a 2- or 3-phosphate ester (Fig. 4). The spectrum of the orcinol re- 
action with glycinamide ribotide was characteristic of an aldopentose and 
not of a ribulose derivative (27). 

The similarity of chromatographic behavior of Fractions A and B of 
glycinamide ribotide as well as the analytical data suggested that these 
fractions were isomeric forms comparable to the two forms of formylglycin- 
amide ribotide (28). 

Recently Hartman, Levenberg, and Buchanan (26) have presented evi- 
dence for the structure of formylglycinamide ribotide, which, together with 
the unformylated compound, accumulated in pigeon liver preparations in 
the presence of azaserine. 


SUMMARY 


A procedure is described for the isolation and purification of glycinamide 
ribotide. Under these conditions it occurred in two isomeric forms. 

Elemental analysis of the compound was in agreement with the structure, 
N-glycyl-5-phosphoribofuranosylamine. This compound contained molar 
proportions of glycyl, amido, pentose, and phosphate ester moieties. The 
pentose phosphate had the properties of ribose-5-phosphate. The glyco- 
sidic linkage of glycinamide ribotide was more stable than that of adenylic 
acid. 

Glycinamide riboside was prepared from the ribotide by treatment with 
intestinal phosphatase. The dinitrophenyl derivative and the calcium 
salt of the ribotide have been prepared. Mild chemical formylation of 
glycinamide ribotide yielded a compound which was comparable in chroma- 
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tographic behavior to enzymatically synthesized formylglycinamide ribo- 
tide. 
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THE EFFECT OF ADRENALECTOMY AND OF CORTISONE 
ADMINISTRATION ON THE METABOLISM 
OF t-TRYPTOPHAN* 


By F. CHRISTINE BROWN anp CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Iowa City, Iowa) 
(Received for publication, November 28, 1955) 


Paper chromatography has provided an excellent method for the detec- 
tion and identification of tryptophan and its fluorescing metabolites (1) 
and has proved helpful in the development of methods for the quantitative 
colorimetric estimation of tryptophan, kynurenine, and anthranilic acid 
(2). The purpose of this communication is to report the use of these tech- 
niques in determining the effect of adrenalectomy and cortisone adminis- 
tration upon the metabolism of L-tryptophan in the rat, as judged from 
urinalysis after feeding L-tryptophan and from the metabolism of L-tryp- 
tophan and t-kynurenine by liver and kidney slices. 

According to Porter, Stoerk, and Silber (3), adrenalectomy decreases the 
kynurenic acid output in the rat fed tryptophan, but does not alter the 
output of kynurenine and of xanthurenic acid. The administration of cor- 
tisone acetate to the adrenalectomized rat restores the kynurenic acid ex- 
cretion to normal but does not affect the output of kynurenine and of xan- 
thurenic acid. They therefore assumed that the effect of the hormone was 
to increase the rate of deamination or transamination whereby kynurenine 
was converted to kynurenic acid. 

In tests involving the use of liver homogenates from normal and adrenal- 
ectomized rats, Knox observed that the production of kynurenine from pL- 
tryptophan was smaller with the latter animals (4). Subsequently, Knox 
and Auerbach reported that they were unable to find any other product of 
L-tryptophan oxidation besides kynurenine by methods which should have 
indicated the presence of anthranilic or kynurenic acid (5). Previous ob- 
servations from our laboratory had indicated that both of these metabolites 
and kynurenine were formed by normal liver homogenates (2) and by nor- 
mal liver slices (1) under conditions apparently similar to those used by 
Knox and Auerbach (5). 


EXPERIMENTAL 


In the present studies on whole animals, L-tryptophan was fed as the 
source of the excreted metabolites, and in the tissue slice tests both L-tryp- 


* The data in this paper are taken from a dissertation submitted in August, 1955, 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy in 
Biochemistry in the Graduate College of the State University of Iowa. 
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tophan and t-kynurenine, the latter in the form of the sulfate, were em- 
ployed as substrates. Kynurenic acid, xanthurenic acid, anthranilic acid, 
and hydroxyanthranilic acid were also used in the tissue tests, primarily 


as references in the paper chromatography and in the checks of the analyti- 
cal procedures. 


Materials 


The t-tryptophan was prepared from N-acetyl-pL-tryptophan! by reso- 
lution with brucine and hydrolysis (6). Its [a]?> was —30.7° (c = 0.5 per 
cent in water). The anhydrous L-kynurenine sulfate employed, which was 
prepared from acetyl-L-tryptophan by the method of Warnell and Berg 
(7), melted at 178° and showed [a]? +10.7°. Values in literature for the 
latter range from +8.5° to +10.7° (7). The kynurenic acid, xanthurenic 
acid, and anthranilic acid were from lots previously described (1,8). The 
3-hydroxyanthranilic acid was synthesized (9) from 2-nitro-m-cresol by a 
method based in part on the procedure of Kenner and Turner (10). 

The cortisone acetate? began to sinter at 228° and melted at 233-237°. 
A melting point of 235-238° has been reported (11). In a few tests, de- 
oxycorticosterone acetate? was also employed, which melted at 154—-156°. 
Melting points of 155-156° (12) and 157—159° (13) are recorded. 


Preparation of Animals and Animal Tissues 


Throughout the studies, rats of the Sprague-Dawley strain, 2 to 3 months 
of age and 180 to 260 gm. in weight, were housed in individual cages. The 
animals used in the urine studies were fed 10 gm. of a diet high in casein 
(14) per day throughout the experiment. The others were maintained on 
a stock diet (Arcady Rockland rat diet). 

The adrenalectomies were performed under anesthesia by the lumbar ap- 
proach under semisterile conditions. In the animals supplied the hormones, 
injections were begun on the day of the surgery. Two doses were given 
subcutaneously daily, 10 to 12 hours apart. Each dose contained 0.75 
mg. of the hormone per 100 gm. of rat weight, as a 0.5 per cent suspension 
in a 1 per cent saline solution. The adrenalectomized rats were given a 
1 per cent saline solution to drink, instead of the tap water allowed the 
control animals which had been subjected to a sham operation. 

4 days after the adrenalectomy or the sham operation, 100 mg. of L-tryp- 
tophan were given by stomach tube per 100 gm. of body weight, in the 
form of a 2.5 per cent supersaturated aqueous solution. The animals were 

! We are indebted to The Dow Chemical Company for this derivative. 

2 The cortisone and deoxycorticosterone acetates were made available to us 


through the generosity of Dr. Curt C. Porter of the Merck Institute for Therapeutic 
Research, Rahway, New Jersey. 
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transferred to metabolism cages treated with paraffin to permit the collec- 
tion of urine. Prior to analysis, the urine and washings were concentrated 
by vacuum distillation, made up to 25 ml., and stored in the refrigerator 
under toluene. 

In the studies involving liver and kidney slices, the animals received no 
tryptophan supplement. They were killed by a blow on the head 4 or 5 
days after the operation. The livers and kidneys were removed immedi- 
ately, chilled in chipped ice, and placed in cold Krebs-Ringer phosphate 
(0.1 m) solution, pH 7.4. Slices 0.3 to 1.0 mm. thick were prepared with 
the Stadie-Riggs slicer. Of these, 400 mg. (wet weight) were washed in 
cold buffer solution and incubated at 37° for 3 hours in Warburg vessels in 
an atmosphere of O2 in a medium consisting of 2 ml. of Krebs-Ringer solu- 
tion (pH 7.4) plus 1 ml. of buffered substrate, which contained 1 mg. of 
L-tryptophan or 0.645 to 1.0 mg. of t-kynurenine, as the sulfate. At the 
end of the incubation period, aliquots of 2 ml. were deproteinized with 2 
ml. of 20 per cent trichloroacetic acid solution and made up to 10 ml. with 
water. The deproteinized solutions were then assayed for the remaining 
tryptophan and for kynurenine and kynurenic acid. The media used in 
the chromatographic tests were not previously freed of protein. 


Analytical Procedures 


The chromatographic tests (1) were carried out on 10 ul. of urine or 50 
ul. of untreated medium. The fluorescing metabolites were identified by 
position and by color. Comparative chromatographic tests were made 
simultaneously with solutions of the pure reference compounds. Trypto- 
phan was identified by the use of p-dimethylaminobenzaldehyde (15), with 
which it gave a purple spot. 

In the analyses of the urine, attempts were first made to apply the meth- 
ods of Mason and Berg for measuring kynurenine, anthranilic acid, and 
tryptophan (2). Good recoveries were obtained when these were added to 
the urine of animals fed a normal diet, but there is some uncertainty that 
kynurenine and anthranilic acid are the only diazotizable metabolites pres- 
ent in urines of animals fed L-tryptophan. No tryptophan could be de- 
tected chromatographically in such urines. When they were extracted at 
pH 4.0 with ether, which removes anthranilic acid but not kynurenine (16), 
and the aqueous residue was diazotized and incubated to destroy the ky- 
nurenine (2), only a trace of the original diazotizable fraction remained. 
The ether extract showed only the fluorescing spot characteristic of an- 
thranilic acid. It is, nevertheless, possible that variable amounts of a 
diazotizable metabolite could have been excreted which did not fluoresce. 
Indole and indolepyruvic acid were excluded because they gave deep red- 
violet solutions immediately with the nitrous acid. Indolealdehyde and 
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skatole gave faint responses only after the coupling agent was added, but 
it is unlikely that appreciable amounts of either could have been present 
in the urine. Unfortunately, no indican was available for testing. Ky- 
nurenic acid was estimated gravimetrically after precipitation from the 
acidified urine (17). Xanthurenic acid was not estimated; the paper chro- 
matograms showed that enough was present to give a faint spot. 

A second series of urine analyses was run in which kynurenine, kynu- 
renic acid, and xanthurenic acid were determined by procedures essentially 
those employed by Porter, Stoerk, and Silber (3). In this series, kynure- 
nine was estimated by precipitating it from the urine with mercuric sulfate 
and boiling the precipitate with alkali to liberate ammonia (18). With 
increasing amounts of added kynurenine sulfate, recoveries decreased from 
90 to 65 per cent. Kynurenic acid was precipitated by acidifying the 
urine, oxidizing the precipitate to anthranilic acid with 30 per cent H.Os», 
and estimating the latter (19) by diazotization and coupling. With pure 
kynurenic acid, 97 to 99 per cent recoveries of the added compound were 
obtained. In the analysis for xanthurenic acid, (3), the urine was ex- 
tracted with isoamyl] alcohol and a green color formed with ferric chlo- 
ride. Recoveries of 90 to 105 per cent of added xanthurenic acid were 
found possible. 

In the tissue studies, tryptophan, kynurenine, and anthranilic acid were 
all found to respond to the diazotization and coupling techniques described 
by Mason and Berg (2). With the smaller amounts of substrate used in 
the current studies, too little anthranilic acid was produced for reliable 
estimation. Paper chromatograms showed that it was present in all the 
tests with liver tissue. Kynurenine was determined as originally described 
(2). In the estimation of tryptophan, kynurenine is first destroyed by 
diazotization and incubation at 37° for 1 hour to decompose the diazonium 
salt (2). Addition of 0.5 ml. of 0.4 per cent ammonium sulfamate immedi- 
ately prior to the incubation was found to improve the subsequent estima- 
tion of tryptophan. To compensate for the extra volume, 0.5 ml. of 8 per 
cent sulfamate, instead of 1 ml. of 4 per cent, was added to destroy the 
larger excess of nitrite used in the diazotization of the tryptophan. When 
kynurenine was added in amounts likely to be encountered, 98 to 104 per 
cent could be recovered; with tryptophan, recoveries accounted for 94 to 
100 per cent of the amount added. Kynurenic acid was estimated from 
the ultraviolet absorption at 312 my in the Beckman model DU spectro- 
photometer. Xanthurenic acid in trichloroacetic acid solution also ab- 
sorbs at this wave-length, but, in agreement with previous observations 
(1), chromatographic evidence indicated that none was formed by liver 
tissue. Some is produced from kynurenine by kidney slices (1), but at 312 
my the absorption by xanthurenic acid approaches its minimal value. 
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Since its absorption at 312 my is only a fourth as strong as that of kynurenic 
acid and the chromatographic evidence showed that only small amounts 
were present, the estimates of kynurenic acid production from kynurenine 
by kidney slices were at least approximately quantitative. 


TaBLeE I 


Effect of Cortisone Acetate on Urinary Excretion of Tryptophan Metabolites by 
Adrenalectomized Rats and Rats Subjected to Sham Operation* 





























Metabolite excretion, mg. in 24 hrs. 
Treatment Series |No- of Total diazotiz- 
aid Kynurenine ar a we “calculated as , 
acid 

Control A 2 |2.1 + 0.7/15.0t 7.3 + 3.5 
B 2 |3.3 + 0.4/24.0 + 4.95.2 + 0.2 

Control + cortisone A 3 (3.4 + 0.7\24.14+ 6.4 13.4 + 3.3 
acetate | B 3 |2.9 + 1.450.114 13 44.9 + 0.0 

Adrenalectomized | A 4 11.324 0.2)}2.2+ 0.5 3.4 + 0.8 
| B | 2 (8.941.011.4 4 1.83.5 + 1.4 

Adrenalectomized +]| A | 5 (2.8 + 1.0/17.64 9 4 11.4 + 4.5 
cortisone acetate B 2 5.0 + 0.449.7 + 6 65.3 + 0.5 





* Each rat was given 100 mg. of L-tryptophan by stomach tube (2.5 per cent super- 
saturated solution in water) per 100 gm. of body weight in a single dose. The corti- 
sone acetate was given in two daily doses of 0.75 mg. per 100 gm. of body weight in 
0.5 per cent suspension in 1 per cent saline, for 4 days prior to the urine collection. 
In Series A, the analytical procedures of Mason and Berg (2) were employed; in the 
Series B, those of Porter, Stoerk, and Silber (3). + = standard deviation of the 
mean. 

t Only one analysis was made here. 


Results 


The data obtained in the two urinalysis series are summarized in Table I. 
They confirm, beyond a doubt, that adrenalectomy lowers the over-all 
capacity of the rat to produce anthranilic acid as the chief diazotizable sub- 
stance and to yield kynurenic acid, and that the administration of cortisone, 
even to the control rat, increases the output of both of these. The data for 
excretion of kynurenine in the two series are not consistent, but, since both 
kynurenic acid and anthranilie acid are derived from kynurenine, a change 
in either implies a corresponding intermediate involvement of kynurenine. 
Xanthurenie acid also has its origin in kynurenine, but its output showed 
only minor and inconsistent changes. 

In the tissue slice tests, L-kynurenine was even more readily attacked by 
liver from the adrenalectomized rat than by liver from the control rat, or 
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TasBie II 
Effect of Cortisone Acetate upon Degradation of u-Kynurenine by Liver Slices* 
Four rats were employed in each group of tests. 





Kynurenine recovered. 
Treatment ¥ per 400 mg. tissue’ 








eh ens ais Vk ono Aes dea hu ah cade aise 328 + 19f 
No otha wit Gre dk Viv th écarvin'y didn a 6 baw d oiea 238 + 20 
- + cortisone acetatef.................. 300 + 35 





* 645 y of t-kynurenine (1000 y of L-kynurenine sulfate-H,O) were incubated in 
3 ml. of Krebs-Ringer phosphate solution, pH 7.4, for 3 hours in O2 at 37°, with 400 
mg. (wet weight) of liver slices. Duplicate tests were always carried out. 

¢t + = standard deviation of the mean. 

¢ 0.75 mg. of cortisone acetate (0.5 per cent suspension in 1 per cent saline) per 
100 gm. of body weight was injected subcutaneously twice daily during the 4 days 
immediately following the adrenalectomy and immediately prior to the sacrifice of 
the rats. 


Taste III 
Effect of Cortisone Acetate (COA) and Deoxycorticosterone Acetate (DOCA) on 
Accumulation of Kynurenine and Kynurenic Acid in Tryptophan Media 
Incubated with Rat Liver Slices* 








No. of Tryptophan recov-|Kynurenine found,} Kynurenic acid 
ecnoes mts | gee TEs, | TUNE | Semk ape, 
Control 11 385 + 71f| 134 + 55f 74 + 10f 
5 398 + 34 143 + 24 
Adrenalectomized 9 359 + 105 72 + 24 
4 37 + 3 
Adrenalectomy + COAt 5 442 + 70 279 + 51 
4 400 + 24 368 + 26 145 + 18 
Adrenalectomy + DOCAt 4 406 + 50 77 + 16 49 + 18 
Normal 15 399 + 36 132 + 21 
4 53 + 15 
Normal + COAt 9 345 + 75 302 + 39 
4 108 + 9 
Normal + DOCA{ 7 421+ 46 99 + 11 53 + 11 
4 

















* 1000 y of L-tryptophan were incubated in duplicate in 3 ml. of Krebs-Ringer 
phosphate solution, pH 7.4, for 3 hours in O2 at 37°, with 400 mg. (wet weight) of liver 
slices. 

+ + = standard deviation of the mean. 

¢ 0.75 mg. of the hormone (0.5 per cent suspension in 1 per cent saline) per 100 
gm. of body weight was injected subcutaneously twice daily for 4 days prior to sac- 
rificing the rats. In the adrenalectomized rats, the injections were begun im- 
mediately following the operation. 
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from the rat provided cortisone twice daily after adrenalectomy (see Table 
II). The amount of L-tryptophan metabolized by liver tissue in 3 hours 
was in all instances about the same (Table III). Contrary to the findings 
of Knox and Auerbach (5), not only kynurenine but also kynurenic acid 
and other metabolites were produced. Anthranilic acid was found con- 
sistently on paper chromatograms, but, with the small amounts of L- 
tryptophan employed as substrate, too little was produced for accurate 


TABLE IV 


Effect of Cortisone Acetate (COA) and Deoxycorticosterone Acetate (DOCA) on 
Utilization of u-Kynurenine by Rat Kidney Slices and Accumulation of 
Kynurenic Acid 




















Kynurenine Kynurenic acid 
Series No.* Treatment No. of rats| recovered, y per ound, y per 
400 mg. tissue 400 mg. tissue 

I Normal 11 302 + 32t 
4 345 + 28 

Normal + COAt 10 310 + 36 
4 338 + 30 

Normal + DOCAf 7 288 + 32 
4 349 + 15 

II Control 3 148 + 12 
2 150 + 0 232 + 15 

Adrenalectomized 3 168 + 23 
4 123 + 24 246+ 9 

Adrenalectomized + COAT 3 131 + 20 
4 138 + 14 222 + 17 





* In Series I, 1000 y of t-kynurenine were incubated in duplicate in 3 ml. of Krebs- 
Ringer phosphate buffer solution, pH 7.4, for 3 hours in O2 at 37°, with 400 mg. (wet 
weight) of kidney slices. In Series II, conditions were the same, but only 645 y of 
L-kynurenine were employed per test. 

+ + = standard deviation of the mean. 

t The hormones were administered as indicated in Table III. 


quantitative estimation. Less kynurenine (4, 5) and less kynurenic acid 
accumulated when L-tryptophan was incubated with liver tissue from the 
adrenalectomized rat than with liver tissue from the control or normal rat. 
Cortisone acetate, but not deoxycorticosterone acetate, stimulated the pro- 
duction of these metabolites. Addition of cortisone to the media and its 
injection into the normal rat 1 hour before sacrifice were both tried and 
found to be without appreciable effect on the capacity of the liver to de- 
grade tryptophan or convert it to kynurenine or kynurenic acid. 

The data outlined above fail to support the assumption that cortisone 
increases the oxidation of tryptophan by the liver slice to kynurenine per 
se (4), or that it favors primarily the transamination of kynurenine to 
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kynurenic acid. They seem rather to warrant the assumption that cor- 
tisone (a) favors the degradation of tryptophan via kynurenine, possibly by 
inhibiting other oxidative routes, (6) impedes the degradation of ky- 
nurenine by routes which do not yield kynurenic acid, or (c) does both. 
Kidney slices were found to produce no fluorescing metabolites from 
L-tryptophan, of which 67 to 71 per cent could be recovered after incuba- 
tion under conditions the same as those used with liver slices. Kidney 
tissue is known to produce indolepyruvic acid from tryptophan (1) as a 
non-fluorescing metabolite. When kidney slices were incubated with L- 
kynurenine, greater degradation occurred than with liver slices, and large 
amounts of kynurenic acid were formed (Table IV). A small amount of 
xanthurenic acid and traces of several unidentified fluorescing metabolites 
were also detected by paper chromatography. No anthranilic acid was 
found. No significant qualitative or quantitative alterations of metabo- 
lism could be detected, as judged by kynurenic acid assay or from number 
or area and intensity of the fluorescing spots on the paper chromatograms, 


SUMMARY 


Adrenalectomy decreases the output of kynurenic acid and of total di- 
azotizable substances (including kynurenine) in the rat fed L-tryptophan. 
Both are increased by the injection of cortisone acetate in the adrenalecto- 
mized animal and in the animal subjected to a sham operation. 

Comparative tests with liver slices from adrenalectomized rats, from such 
rats injected with cortisone acetate, and from control rats showed that 
adrenalectomy did not alter the quantity of L-tryptophan degraded, but 
did decrease the accumulation of kynurenine and kynurenic acid. It in- 
creased the degradation of u-kynurenine. Cortisone is tentatively as- 
sumed either to inhibit the degradation of L-tryptophan by pathways which 
do not yield kynurenine, to inhibit the degradation of Lt-kynurenine by 
pathways which do not produce kynurenic acid, or to do both. 

In analogous tests with kidney slices from comparably prepared rats, 
essentially no differences in metabolism were found. Neither the metab- 
olism of L-tryptophan by liver tissue nor that of t-kynurenine by kidney 
tissue was appreciably affected by the administration of deoxycorticos- 
terone acetate. 

No appreciable alteration by adrenalectomy could be detected in the 
qualitative pattern of fluorescing metabolites by the routine application of 
paper chromatography. 
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Enzyme (s)—continued: 
Glycinamide ribotide synthesis, Hart- 
man, Levenberg, and Buchanan, 
1057 
Phosphoglyceryl methylthiol esters, 
formation, Black and Wright, 171 
Respiratory. See Respiratory enzyme 
Sulfite oxidation, hypoxanthine rela- 
tion, Fridovich and Handler, 323 
Tartrate oxidation, mechanism, Kun, 
223 
Thymine degradation, Canellakis, 
315 
Uracil degradation, Canellakis, 
315 
See also Cozymase, Dehydrogenase, 
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Erythrocyte: See Blood cell, red 
Escherichia coli: Pyrimidine biosyn- 
thesis, Yates and Pardee, 743 
——, mechanism, Yates and Pardee, 
757 
Ribose biosynthesis, glucose, carbon 
14-labeled, effect, Bernstein, 
873 
Esterase: Thiol-. See Thiolesterase 
Esterolysis: a-Chymotrypsin-catalyzed, 
Cunningham and Brown, 287 
Estradiol-178: Carbon 14-labeled, tes- 
tosterone-3-C" conversion to, ovary, 
Baggett, Engel, Savard, and Dorfman, 
931 
Estrogen: Binding to rat serum albumin, 
in vitro, liver effect, Szego and 


Roberts, 619 
Ethanol: Dimethylamino-. See Dimeth- 
ylaminoethanol 
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Fatty acid(s): 6-Keto, breakdown and 
synthesis, Stern, Coon, and del Cam- 


pillo, 1 
Metabolism, enzymes, Stern, Coon, and 
del Campillo, 1 
Stern, Coon, del Campillo, and 
Schneider, 15 
—, growth hormone effect, Allen, 
Medes, and Weinhouse, 333 


Synthesis, mammary gland, glucose 
effect, Hirsch, Lossow, and Chaikoff, 
509 
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Flavin adenine dinucleotide: Oxidation- 
reduction potentials, Lowe and Clark, 
983 
Fluorene: 2-Dimethylamino-. See Di- 
methylaminofluorene 
2-Methylamino-. See 
fluorene 
Methyl-C"*-amino-. 
aminofluorene 
Folic acid: -Active factors, blood, nature, 
Usdin, Phillips, and Toennies, 


Methylamino- 


See Methyl-C'*- 
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— —,—, precursors, T'oennies, Usdin, 
and Phillips, 855 


Choline synthesis from glycine, liver, 
effect, Vohra, Lantz, and Kratzer, 

501 

Serine synthesis from glycine, liver, 
effect, Vohra, Lantz, and Kratzer, 

501 

Formaldehyde: Radio-, isolation, di- 

methylaminoethanol-C“H; metabo- 

lism, Johnston and Mackenzie, 

301 

Fructose-1,6-diphosphatase: Purifica- 

tion and properties, Mokrasch and 

McGilvery, 909 
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Glucose: Carbon 14-labeled, ribose bio- 
synthesis, Escherichia coli, effect, 
Bernstein, 873 

Carotene synthesis, carbon balance, 
Chichester, Nakayama, and Mackin- 


ney, 819 
D-, L-ascorbie acid biosynthesis, rela- 
tion, Burns and Mosbach, 107 
—, carbon 14-labeled, utilization, 
Torula utilis yeast, Sowden and 
Frankel, 587 


Fatty acid synthesis, mammary gland, 
effect, Hirsch, Lossow, and Chaikoff, 
509 

Glyceride synthesis, mammary gland, 
effect, Hirsch, Lossow, and Chaikoff, 
509 

Glutamyl transpeptidase: ~-, determina- 





tion, Ball, Revel, and Cooper, 895 
| Glyceraldehyde-3-phosphate dehydro- 
genase: p-, muscle, coenzyme, Fox 
| and Dandliker, 1005 
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Glyceride: Synthesis, mammary gland, 
} glucose effect, Hirsch, Lossow, and 
Chaikoff, 509 
Glyceryl methylthiol ester(s): Forma- 
tion, enzymatic, Black and Wright, 


171 

Glycinamide ribotide: Goldthwait, Pea- 
body, and Greenberg, 555 
Chemical structure, Peabody, Gold- 
thwait, and Greenberg, 1071 

— -—, synthesis, enzymatic, and 
metabolism, Hartman, Levenberg, 
and Buchanan, 1057 
Formyl derivative, Goldthwait, Pea- 
body, and Greenberg, 555 


— —, synthesis, mechanism, Gold- 
thwait, Peabody, and Greenberg, 
569 
a-N-Formyl], chemical structure, syn- 
thesis, enzymatic, and metabo- 
lism, Hartman, Levenberg, and Bu- 
chanan, 1057 
Synthesis, mechanism, Goldthwait, 
Peabody, and Greenberg, 569 
Glycine: Carotene synthesis, carbon 
balance, Chichester, Nakayama, and 
Mackinney, 819 
Glycolaldehyde: Metabolism, /Fried- 
mann, Levin, and Weinhouse, 665 
Glycolate: Tobacco leaf culture, effect, 
Vickery and Palmer, 79 
Growth: Hormone, fatty acid metabo- 
lism, effect, Allen, Medes, and Wein- 
house, 333 
Guanosine diphosphate: Amino acids, 
labeled, incorporation into proteins, 
effect, Keller and Zamecnik, 45 
Guanosine triphosphate: Amino acids, 
labeled, incorporation into proteins, 
effect, Keller and Zamecnik, 45 
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Heart: Malic dehydrogenase, properties, 
Wolfe and Neilands, 61 


Mitochondria a-ketoglutaric oxidase, 
parapyruvate effect, Montgomery, 
Fairhurst, and Webb, 369 

—, metabolism, Montgomery and Webb, 

347, 359 
Montgomery, Fairhurst, and Webb, 
369 
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Mitochondria, pyruvate oxidation, tri- 
carboxylic acid cycle relation, Mont- 
gomery and Webb, 347 

—, tricarboxylic acid cycle, parapyru- 
vate effect, Montgomery and Webb, 

359 
Hemoglobin: Met-. See Methemoglobin 
Histamine: Metabolism, ring N methyla- 
tion, relation, Schayer and Karjala, 
307 
Homoserine: Metabolic pathways, Mat- 
suo, Rothstein, and Greenberg, 
679 
Hydrazine: Phenyl-. See Phenylhydra- 
zine 
Hydrolase: Riboflavin. See Riboflavin 
hydrolase 
Hypoxanthine: Sulfite oxidation, enzy- 
matic, relation, Fridovich and Hand- 
ler, 323 
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Iron: Metabolism, liver, kinetics, Salt- 
man, Frisch, Fiskin,and Alex, 777 
Isoniazid: Carbon 14-labeled, metabo- 
lism, vitamin Bg effect, Boone, Ma- 
gee, and Turney, 781 
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Ketoglutaric oxidase: a-, heart mito- 
chondria, parapyruvate effect, Mont- 
gomery, Fairhurst, and Webb, 


369 

Kidney: Arginine-ornithine transamidi- 
nation, Walker, 771 
Kynurenine transaminase: Neurospora, 
Jakoby and Bonner, 689 
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Lactic dehydrogenase: Hakala, Glaid, and 
Schwert, 191 


Lipide(s): Sphingo-. See Sphingolipide 
Liver: Choline synthesis from glycine, 
folic acid and vitamin Bie effect, 
Vohra, Lantz, and Kratzer, 501 
Estrogen binding to rat serum albu- 
min, in vitro, effect, Szego and Rob- 


erts, 619 
Iron metabolism, kinetics, Saliman, 
Frisch, Fiskin, and Alez, 777 
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Liver—continued: 
Mitochondria, L-xylulose reduction to 


xylitol, Touster, Reynolds, and 
Hutcheson, 697 
Necrotic, respiration, tocopherols, 
effect, Rodnan, Chernick, and 
Schwarz, 231 


Regenerating, cell production, Daoust, 
Leblond, Nadler, and Enesco, 
727 
—, deoxyribonucleic acid formation, 
Daoust, Leblond, Nadler, and Enesco, 
727 
Serine synthesis from glycine, folic 
acid and vitamin By» effect, Vohra, 
Lantz, and Kratzer, 501 
Thymine, carbon 14-labeled, metabo- 
lism, in vitro, Fink, Cline, Hender- 
son, and Fink, 425 
—, methy] carbon 14-labeled, metabo- 
lism, in vitro, Fink, Cline, Hender- 


son, and Fink, 425 
M 
Magnesium: Blood serum, determina- 
tion, Levine and Cummings, 735 
Malic acid: Oxidation, Micrococcus lyso- 
deikticus, Cohn, 413 
Malic dehydrogenase: Heart, properties, 
Wolfe and Neilands, 61 
Malonic acid: Methyl-. See Methylma- 
lonic acid 


Mammary gland: Fatty acid synthesis, 
glucose effect, Hirsch, Lossow, and 
Chaikoff, 509 

Glyceride synthesis, glucose effect, 
Hirsch, Lossow, and Chaikoff, 
509 

Melanocyte: -Stimulating hormone, iso- 
lation, pituitary, Lee and Lerner, 


943 
Metabolism: Tissue slices, respirometer, 
Drabkin and Marsh, 71 


Methemoglobin: Reduction, phenylhy- 

drazine effect, Rostorfer and Totter, 

1047 

Methionine: Carbon chain metabolism, 
Kisliuk, Sakami, and Patwardhan, 


885 
Tissue culture, cystine and, relation, 
Morgan and Morton, 529 
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Methylaminofiuorene: 2-, carcinogenic 
effect, Weisburger, Weisburger, Velat, 
and Morris, 845 

Methyl-C'*-aminofluorene: 2-, methyl 
group, fate, Weisburger, Weisburger, 


Velat, and Morris, 845 

Methylmalonic acid: Urine, Barness, 

Moeksi, and Gyérgy, 93 

Micrococcus lysodeikticus: Malic acid 

oxidation, Cohn, 413 

Microorganism(s): Dialkylfluorophos- 
phatases, Mounter and Tuck, 

537 

Ribonucleic acid, determination, Webb, 

635 


See also Bacteria 
Microsome: Cytochrome, isolation and 
properties, Strittmatter and Velick, 
253 
—, oxidation-reduction stoichiometry 
and potential, Velick and Strittmat- 
ter, 265 
— reductase, diphosphopyridine nu- 
cleotide, relation, Strittmatter and 


Velick, 77 
Mitochondrion: Adenosinetriphospha- 
tase, pentachlorophenol relation, 
Weinbach, 609 


Azide-treated, phosphorylation, oxi- 
dative, adenosine diphosphate ef- 
fect, Chance and Williams, 

477 

Heart, a-ketoglutaric oxidase, para- 
pyruvate effect, Montgomery, Fair- 
hurst, and Webb, 369 

—, metabolism, Montgomery and Webb, 

347, 359 
Montgomery, Fairhurst, and Webb, 
369 

—, pyruvate oxidation, tricarboxylic 
acid cycle relation, Montgomery and 
Webb, 347 

—, tricarboxylic acid cycle, parapyru- 
vate effect, Montgomery and Webb, 

359 

Liver, L-xylulose reduction to xylitol, 

Touster, Reynolds, and Hutcheson, 


697 

Mosaic: Tobacco, virus, nucleic acids, 
ribonuclease’ effect, Reddi and 
Knight, 629 
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Muscle: pv-Glyceraldehyde-3-phosphate 
dehydrogenase coenzyme, For and 
Dandliker, 1005 

See also Heart 

Myeloma: Bence-Jones protein, synthe- 
sis and excretion, Putnam, Meyer, 
and Miyake, 517 

See also Carcinoma 


N 


Neurospora: Kynurenine transaminase, 
Jakoby and Bonner, 689 

Niazid: Iso-. See Isoniazid 

Nitrogen: Ring, methylation, histamine 
metabolism relation, Schayer and 


Karjala, 307 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid(s): Deoxyribo-. See De- 


oxyribonucleic acid 
Ribo-. See Ribonucleic acid 
Tobacco mosaic virus, ribonuclease 
effect, Reddi and Knight, 629 
Nucleotidase: 5’-, action, mechanism, 
Koshland and Springhorn, 469 
Nucleotide: Di-. See Dinucleotide 
Diphosphopyridine. See Diphospho- 
pyridine nucleotide 
Pyridine. See Pyridine nucleotide 


oO 


Organic acid(s): Tobacco leaves, me- 
tabolism, Vickery and Palmer, 
79 
Ornithine: -Arginine transamidination, 
kidney, Walker, 771 
Ovary: Testosterone-3-C™ conversion to 
C-estradiol-178, Baggett, Engel, 
Savard, and Dorfman, 931 
Oxidase: a-Ketoglutaric. See Ketoglu- 
taric oxidase 
Oxidation-reduction: Lowe and Clark, 
983 


P 


Papain: Thiolesterase, Johnston, 1037 
Parapyruvate: Heart mitochondria a-ke- 
toglutaric oxidase, effect, Montgom- 
ery, Fairhurst, and Webb, 369 

— —tricarboxylic acid cycle, effect, 
Montgomery and Webb, 359 
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Penicillin: Sarcina lutea inhibition, bio- 
chemistry, Brown and Binkley, 
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Pentachlorophenol: Mitochondrial ad- 
enosinetriphosphatase, relation, 
Weinbach, 609 
Pepsin: Ribonuclease digestion, effect, 
Anfinsen, 405 


—, performic acid-oxidized, peptides, 

relation, Bailey, Moore, and Stein, 

143 

Peptidase: Glutamyl trans-. See Glu- 
tamyl] transpeptidase 

Peptide(s): Carboxymethylamino acid, 

See Carboxymethylamino acid pep- 

tide 
Ribonuclease, performic acid-oxidized, 


chymotryptic hydrolysis, Hirs, 
Stein, and Moore, 

151 

—, — —, peptic hydrolysis, Bailey, 
Moore, and Stein, 

143 

Phenol; Pentachloro-. See Pentachloro- 

phenol 


Phenylhydrazine: Methemoglobin reduc- 
tion, effect, Rostorfer and Totter, 


1047 
Phosphatase(s): Adenosinetri-. See 
Adenosinetriphosphatase 
Dialkylfluoro-. See Dialkylfluoro- 
phosphatase 
Fructose-1,6-di-. See Fructose-1,6- 
diphosphatase 


Phosphate: Adenosine di-. 
sine diphosphate 
Diethyl p-nitrophenyl. See Diethyl 
p-nitrophenyl phosphate 
Guanosine di-. See Guanosine diphos- 
phate 
—tri-. See Guanosine triphosphate 
Propanediol. See Propanediol phos- 
phate 
Phosphatide(s): Titration, Garvin and 
Karnovsky, 211 
Phosphoglyceryl methylthiol ester(s): 
Formation, enzymatic, Black and 
Wright, 171 
Phosphorylase: Purine nucleoside. See 
Purine nucleoside phosphorylase 


See Adeno- 


Pho 


Pit 
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SUBJECTS 


Phosphorylation: Oxidative, enzymes, 
respiratory, Chance and Williams, 
477 

—, mitochondria, azide-treated, ad- 
enosine diphosphate effect, Chance 
and Williams, 477 
Pituitary: Melanocyte-stimulating hor- 
mone isolation, Lee and Lerner, 
943 

Polysaccharide: Formation, repair tis- 
sue, ascorbic acid effect, Robertson 


and Hinds, 791 
Pregnen-20a-ol-3-one: A‘-, progesterone 
metabolism to, Wiest, 461 
Progesterone: Metabolism, extrahepatic, 
Berliner and Wiest, 449 
A‘-Pregnen-20e-ol-3-one from, Wiest, 
461 


Propanediol phosphate: 1,2-, determina- 


tion, microcolorimetric, Huggins 
and Miller, 377 
1,2-, metabolism, yeast, Huggins and 
Miller, 719 


Protein(s): Amino acids, labeled, incor- 
poration into, guanosine diphos- 
phate and triphosphate effect, Keller 
and Zamecnik, 45 

Bence-Jones, myeloma, synthesis and 
excretion, Putnam, Meyer, and Mi- 


yake, 517 
Carboxymethyl. See Carboxymethyl 
protein 
Metabolism, Ehrlich ascites carcinoma 
cells, Moldave, 543 
Oxidized, chemical constitution, Hirs, 
Stein, and Moore, 151 
Proteinase(s): Yeast, Lenney, 919 
Purine(s): Biosynthesis, Hartman, Lev- 
enberg, and Buchanan, 1057 


Purine nucleoside phosphorylase: Blood 
cell, red, Huennekens, Nurk, and 
Gabrio, 971 

Pyridine nucleotide: Analogues, dehy- 
drogenases and, reaction, Kaplan, 


Ciotti, and Stolzenbach, 833 
Pyrimidine: Biosynthesis, Escherichia 
coli, Yates and Pardee, 743 
—,——, mechanism, Yates and Pardee, 
757 


Metabolism, Canellakis, 315 
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Pyruvate: Oxidation, heart mitochon- 
dria, tricarboxylic acid cycle rela- 
tion, Montgomery and Webb, 347 

Para-. See Parapyruvate 


R 


Respiratory enzyme(s): Phosphoryla- 
tion, oxidative, Chance and Williams, 


477 

Respirometer: Tissue slice metabolism, 
Drabkin and Marsh, 71 
Riboflavin hydrolase: Bacterial, Yana- 
gita and Foster, 593 
Ribonuclease: Chemical constitution, 
Redfield and Anfinsen, 385 
Digestion, pepsin effect, Anjfinsen, 
405 

Performic acid-oxidized, peptides, 
chymotryptic hydrolysis, 4Hirs, 
Stein, and Moore, 151 

— —, —, peptic hydrolysis, Bailey, 
Moore, and Stein, 143 
Tobacco mosaic virus nucleic acids, 
effect, Reddi and Knight, 629 
Ribonucleic acid: Microorganisms, de- 
termination, Webb, 635 


Tissues, determination, Webb, 635 
Ribose: Biosynthesis, Escherichia coli, 
glucose, carbon 14-labeled, effect, 
Bernstein, 873 
Ribotide: Glycinamide. See Glycin- 
amide ribotide 


Ss 


Saccharide: Poly-. See Polysaccharide 
Sarcina lutea: Inhibition, penicillin, 
biochemistry, Brown and Binkley, 
579 

Serine: Homo-. See Homoserine 
Synthesis from glycine, liver, folic 
acid and vitamin By: effect, Vohra, 


Lantz, and Kratzer, 501 
Sphingolipide(s): Biochemistry, Carter 
and Fujino, 879 


Styrene: Cinnamaldehyde conversion to, 

yeast mutant, Chen and Peppler, 

101 

Succinate: | Tocopheryl-5-methyl-C"-.. 

See Tocopheryl-5-methyl-C"-succi- 
nate 
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Succinic acid: a,a-Dimethy]-. 
methylsuccinic acid 

Succinic dehydrogenase: Anaerobic ex- 

change reaction relation, Englard 

and Colowick, 1019 

Sulfite: Oxidation, enzymatic, hypoxan- 

thine relation, Fridovich and Handler, 

323 

Sulfur: Metabolism, tissue cultures, 

Morgan and Morton, 529 


T 


Tartrate: Oxidation, enzymatic mech- 
anism, Kun, 223 
Terpenoid: Intermediates, cholesterol 
biosynthesis, Dituri, Cobey, Warms, 
and Gurin, 181 
Testosterone: Carbon 14-labeled, C- 
estradiol-178 from, ovary, Baggett, 
Engel, Savard, and Dorfman, 931 
Thiolesterase: Papain, Johnston, 
1037 

Thymine: Carbon 14-labeled, metab- 
olism, in vitro, liver, Fink, Cline, 


See Di- 


Henderson, and Fink, 425 
Degradation, enzymatic, Canellakis, 
315 


Methyl carbon 14-labeled, metabolism, 
in vitro, liver, Fink, Cline, Hender- 
son, and Fink, 425 

Tissue: Repair, polysaccharide forma- 
tion, ascorbic acid effect, Robertson 
and Hinds, 791 

Tissue culture: Cystine-methionine rela- 
tion, Morgan and Morton, 529 

Sulfur metabolism, Morgan and Mor- 
ton, 529 

Tobacco: Leaves, glycolate solutions, 
culture effect, Vickery and Palmer, 


79 
—, organic acids, metabolism, Vickery 
and Palmer, 79 


Mosaic virus, nucleic acids, ribonu- 
clease effect, Reddi and Knight, 
629 

Tocopherol(s): a-, metabolites, urine, 
Simon, Eisengart, Sundheim, and 


Milhorat, 807 
respiration, effect, 
and Schwarz, 

231 


Liver, necrotic, 


Rodnan, Chernick, 








INDEX 


Tocopheryl-5-methyl-C'*-succinate: d-a., 
absorption and excretion, Simon, 
Gross, and Milhorat, 797 

Torula utilis: Yeast, p-glucose, carbon 
14-labeled, utilization, Sowden and 
Frankel, 587 

Transaminase: Kynurenine. See Kynu- 
renine transaminase 

Transesterification: Reactions, chymo- 
trypsin effect, McDonald and Balls, 

993 

Tricarboxylic acid: Cycle, heart mito- 

chondria, parapyruvate effect, Mont- 


gomery and Webb, 359 
—,—— pyruvate oxidation, relation, 
Montgomery and Webb, 347 


Trypsin: Chymo-. See Chymotrypsin 
Inhibition, urea and diethyl p-nitro- 
phenyl phosphate effect, Viswanatha 
and Liener, 961 
Tryptophan: L-, metabolism, adrenalec- 
tomy and cortisone effect, Brown and 


Berg, 1083 
U 

Uracil: Degradation, enzymatic, Canel- 
lakis, 315 
Urea: Trypsin inhibition, effect, Vis- 
wanatha and Liener, 961 
Uric acid: Dikstein, Bergmann, and 
Chaimoviiz, 239 
Related compounds, Dikstein, Berg- 
mann, and Chaimoviiz, 239 


Substituted, chromatography, paper, 

Dikstein, Bergmann, and Chaimovitz, 

239 

Urine: a,a-Dimethylsuccinic acid excre- 

tion, Barness, Moeksi, and Gyérgy, 

93 

Methylmalonic acid excretion, Bar- 
ness, Moeksi, and Gyérgy, 

93 

a-Tocopherol metabolites, Simon, Ei- 

sengart, Sundheim, and Milhorat, 

807 


Vv 


Virus: Tobacco mosaic, nucleic acids, 
ribonuclease’ effect, Reddi and 
Knight, 629 
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SUBJECTS 


Vitamin: Bg, isoniazid, carbon 14-labeled, 
metabolism, effect, Boone, Magee, 
and Turney, 781 

Biz, choline synthesis from glycine, 
liver, effect, Vohra, Lantz, and Krat- 
zer, 501 

—, serine synthesis from glycine, liver, 
effect, Vohra, Lantz, and Kraizer, 


501 
E, metabolism, Simon, Gross, and Mil- 
horat, 797 
Simon, Eisengart, Sundheim, and 
Milhorat, 807 

x 
Xanthine(s): Hypo-. See Hypoxanthine 


Substituted, chromatography, paper, 
Dikstein, Bergmann, and Chaimoviiz, 


239 

Xylitol: t-Xylulose reduction to, liver 

mitochondria, Touster, Reynolds, 
and Hutcheson, 

697 
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Xylulose: t-, reduction to xylitol, liver 
mitochondria, Touster, Reynolds, 
and Hutcheson, 697 


Y 


Yeast: Alcohol dehydrogenase, diphos- 
phopyridine nucleotide effect, Hoch 


and Vallee, 491 
— —, zine effect, Hoch and Vallee, 
491 


Mutant, cinnamaldehyde conversion 
to styrene, Chen and Peppler, 101 
1,2-Propanediol phosphate metabo- 
lism, Huggins and Miller, 719 


Proteinases, Lenney, 919 
Torula utilis, p-glucose, carbon 14- 
labeled, utilization, Sowden and 
Frankel, 587 

Z 
Zinc: Yeast alcohol dehydrogenase, ef- 
fect, Hoch and Vallee, 491 


Zymase: Co-. See Cozymase 





